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ABSTRACT 
ON-LINE SHEAR AND EXTENSIONAL RHEOMETRY OF POLYMER 
MELTS IN THE EXTRUSION PROCESS 
Adrian Lee KELLY 
A novel on-line capillary rheometer (OLR) was used to examine the shear and 
extensional characteristics of polyolefin melts during twin screw extrusion (TSE). 
Comparisons with off-line rheometry were made using a twin-bore capillary rheometer 
and a modular in-line slit die rheorneter (ILR) provided in-line rheornetry comparisons. 
Both capillary rheometers were controlled via PCs running dedicated software, and the 
extrusion line and ELR were fully instrumented, allowing real-time process monitoring 
to be carried out by IBM compatible PCs via data acquisition hardware and software. 
Ihe prototype OLR was developed by the re-design of several key features including 
an instrumented transfer section and capillary die block which facilitated the use of 
various die geometries. 
Shear and extensional on-line rheometry of three polyethylenes (linear and branched), 
and four molecular weight grades of polypropylene were examined, and a direct 
comparison with off-line capillary rheometry showed a good correlation. Tle effect of 
a high loading of filler on two of the polyethylenes was investigated. In-line shear 
stress and entry pressure measurements showed a reasonable correlation with on-line 
rheornetry. 
A study of entry flows in the OLR using capillary dies approaching orifice showed 
non-linearities occurred at very low capillary length to diameter (L: D) ratios, and this 
was repeatable using off-line rheometry. Predicted zero length entry pressures (Po) 
were used to estimate apparent extensional viscosity using a number of standard 
models. Melt instability and capillary wall slip were also investigated using on-line 
rheometry. 
Melt pressure and temperature in the twin screw extruder and OLR were monitored at 
various process conditions to examine the ability of the OLR to condition melt during 
testing, and the effect of OLR testing on extrusion conditions. Pressure variation in 
the extruder, OLR and off-line rheometer were compared in order to quantify process 
noise. Tbe effect of OLR testing on melt rheology and polymer molecular weight were 
examined using off-line rheometry and gel permeation chromatography (GPQ. 
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Chapter 1 
Introduction 
1 General Introduction 
Rheology is the study of deformation and flow behaviour, and is of fundamental 
importance in polymer processing. The polymer processing industry has developed 
due mainly to the ease by which polymeric materials can be formed in the molten state. 
However, the complexity of melt flow necessitates -a knowledge of flow behaviour in 
order to design and optimise fonning processes. 
This need to measure melt rheology has led over the years to the development of a 
number of instruments designed to measure simple flow properties, generally 
simulating the process with which the material will be formed. These rheometers need 
careful design to measure melt characteristics at precise flow behaviour. Steady flow - 
has to be achieved, meaning a uniform and known rate of strain, 'and as melt behaviour 
is also dependent upon time, a controlled strain history is required. As polymer melts 
are strongly dependent upon temperature and pressure, these parameters must be 
closely controlled and/or measured before an accurate analysis of material behaviour 
can be obtained. 
With the development of the plastics industry, a drive for more efficient processing 
methods has led to a need for improved process and quality control. 7bus, information 
regarding the consistency or composition of the melt is needed during processing. 
I 
Laboratory rheometers are able to provide detailed, accurate information on melt 
behaviour, although with a significant delay from the process itself. Also, the idealised. 
flow obtained during testing may not correlate with the real industrial process. Initially, 
simple sensors have been used to give basic real-time data such as temperature and 
pressure during processing, and these in turn have led to the development of process 
rheometers, usually consisting of a rheological. die located in the process stream (in- 
line) or gear pump used to abstract a side stream of melt (on-line). 
Although in use for a number of years, most process rheometers measure simplistic 
shear flow properties only, many at a single strain rate. This provides useful real-time 
data, but the need for a greater understanding of full melt properties requires a process 
rheometer which is able to provide as detailed information as a laboratory device. 
Commercial devices such as the prototype Rosand On-Line Rheometer were designed 
to provide this detailed infonmtion, on-line to an extrusion process. This thesis 
investigates whether on-line rheometry is a valid method of melt characterisation, and 
assesses the effect of the testing process on both the melt under test and the extrusion 
process. 
1.2AIms 
The overall objectives of this research can be surnmarised as: 
The validation of on-line rheometry for accurate and robust measurement of the 
rheological characteristics ofpolyolefins during the extrusion process. 
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In particular, project aims were to: 
1. Develop a prototype on-line rheometer to a level where melt characteristics can be 
measured in shear and extension. 
2. Design and produce a system where various geometries of capiUary dies can be used 
in rheological tests to measure the on-line rheology of a selected range of linear and 
branched polyolefins. 
3. Examine the correlation between rheological characteristics measured on-line with 
those obtained from a laboratory (off-line) rheometer and in-line rheological die. 
4. Assess repeatability of the on-line and off-line rheometry to deterrnine confidence 
limits. 
5. Assess the capability of on-line rheometry to measure the rheology of filled material 
systems, in particular its sensitivity in identifying the level of filler loading for process 
monitoring applications. 
6. Investigate entry flows into orifice dies on-line to the extrusion process. 
7. Examine the effect of on-line rheorneter testing on melt rheology, degradation and 
molecular characteristics. 
8. Examine the effect of on-line rheometer testing on extrusion process conditions. 
1.3 Scope of Research 
Chapter 2 is intended to provide general background information relevant to the 
research carried out, including the development of the polymer processing industry and 
the basic principles of extrusion and polymer melt rheology. 
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Chapter 3 describes fundamental principles of polymer melt rheometry, and details the 
main methods of rheological measurement. Capillary rheometry is described in detail, 
as are the flow models on which its analysis is based, the errors encountered and 
corrections generally made. Methods of extensional rheometry from capillary flow are 
also provided. Process monitoring and process rheornetry are described in detail, and 
the distinction between off-line, in-line and on-line rheornetry highlighted. The 
potential for use in process control applications is discussed. A critical review of 
relevant research concerning rheometry is provided throughout the chapter, with 
particular attention paid to studies of in-process rheometry. 
A description of experimental equipment is given in chapter 4, including the prototype 
on-line rheometer, off-line rheometer and in-line slit-die rheometer. Differences in the 
diree rheometer designs and principles of operation are assessed, and instrumentation 
and control methods described in each case. Ile extrusion line used is also described, 
together with the instrumentation and data acquisition methods used to monitor 
process conditions. A Betol BTS40 twin screw extruder with screw diameter 40 inn 
was used in the study, with material feed being provided by a loss-in-weight feed 
system. Instrumentation used to monitor process conditions is of fundamental 
importance, and the methods of melt pressure and temperature measurement are 
described. Computer interfacing and data collection was carried out using signal 
conditioning hardware and data collection software. The polymers processed during 
the experimental work are described, and information. regarding their structure, 
applications And flow behaviour provided. 
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Experimental work can be broadly divided into two categories; rheological studies and 
analysis of process variables. Rheological studies were carried out using the on-line 
rheometer, laboratory capillary rheometer, and in-line slit die using a range of die 
geometries and flow conditions. Entry flow in particular was exan-dned in detail using 
a range of orifice dies. A statistical examination of the repeatability of both rheometers 
was carried out to compare the measurement of rheological properties using gear 
pump and piston-driven flow. 
The effect of carrying out on-line characterisations on the melt under test and on the 
extrusion process conditions is also important. Studies were carried out on the 
rheology and molecular weight distribution of materials after being extruded and tested 
on the on-line rheorneter to assess any effect of gear pump action. Extrusion process 
variables were monitored during testing to study the effect on melt pressure, 
temperature and extrudate appearance. 
In-process rheometry results are presented in chapter 5. Correlation between on-line 
and laboratory rheometers is exan-dned, and repeatability of the two methods are 
assessed in shear flow and entry pressure measurement. Comparisons with results 
obtained from the in-line slit die are also made. The area of entry flows is investigated 
and orifice die pressure drop measurements are used to predict extensional viscosity 
using a number of published models. The effect of filler loading on the rheology of 
two materials is assessed using on-line rheometry, and the sensitivity of the rheometer 
to determine various levels of loading is investigated and compared to the laboratory 
and in-line rheometers. The potential of using the on-line rheometer to carry out 
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'specialist' rheological tests such as effective capillary wall slip and melt instability is 
shown. 
The effect of using the on-line rheometer on the melt and the extrusion process is 
investigated in chapter 6. Extrusion process variables are analysed at various extruder 
and rheometer flow conditions to assess any effect on melt temperature and pressure. 
Variation in pressure measurements made on the gear-pump driven flow is assessed in 
comparison to piston driven flow in the off-line rheometer and screw-driven flow in the 
extruder. Residence times of the extruder and on-line rheometer (OLR) are measured, 
and the result of introducing a step-change in material feed is examined. Rheological 
and molecular data are used to assess effect of gear pump action on the melt. The 
ability of the on-line rheometer to control flowrate and melt temperature is assessed. 
Overall performance of the OLR is discussed in chapter 7, in an attempt to validate the 
use of gear pump driven flow to measure on-line rheology. A brief summary of the 
important experimental results is provided. The repeatability and sensitivity of on-line 
melt characterisations are compared to those carried out off-line, together with the 
ability to control melt temperature and throughput, and to measure pressure drop. 
Relative benefits of the rheometer compared to laboratory and other process 
rheorneters are discussed as is the viability of using the on-line rheorneter in a 
production enviromnent. Modifications in the design of the rheometer for 
improvements in operation are suggested. 
Overall conclusions are presented in chapter 8, along with suggested further work. 
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Chapter 2 
Background 
Introduction 
The aim of this chapter is provide background. information relevant to the research 
carried out in this study. An overview of polymer processing highlights the importance 
of the industry, and in particular the materials studied in this work. Fundamental 
principles of polymer extrusion and polymer melt rheology are presented, on which the 
detailed description and critical review of rheological measurements in chapter three 
are based. 
Z1 Overview of Polymer Processing 
2.1.1 Development of Polymeric Materials 
ne use of polymeric materials can be traced back many centuries ago. Polymers 
(from the Greek poly, meaning many, and meros, meaning parts) are materials made up 
of large molecules consisting of many small units joined together. Many natural 
materials exhibit this End of structure, including shellac, bitumen, silk, natural rubber 
and cellulose. References to the use of natural polymers stem from biblical times, and 
indeed it seems that Moses survival was in part due to being hidden in an 'ark of 
bulrushes' reinforced with bitumen. 
The first major introduction of a natural resin into western society was in the 17th 
century when gutta percha was introduced by travelers. This soon found an important 
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application as cable insulation, and was still used up until the 1940s. Ilie next stage in 
polymer development was when Thomas Hancock discovered that highly coagulated 
rubber exhibited plastic flow if highly sheared (masticated), and as a result was much 
easier to form. In 1839, Charles Goodyear discovered vulcanisation - whereby rubber 
is heated with sulphur to improve its mechanical and resistive properties, and the 
patent of this method led eventually to the production of automotive tyres. 
The first synthetic plastic, a form of cellulose nitrate was exhibited in moulded form in 
1862, by Parkes, and was later named Parkesine. This material never became 
conunercially available due to the high costs of production, but was a significant 
breakthrough in polymeric development, and commercial processes soon followed. 
Bakelite was probably the most commercially successful -a thermoset introduced in 
1907. 
The great leap in the development of plastics came in the 1930s when research teams 
produced nylon and polyethylene. Up until then, polymeric materials had only ever 
been processed on an empirical basis, but now detailed research allowed a greater 
understanding of the relationship between structure and properties. By 1941, nylon 
had found a number of commercial applications in bearings and wire insulation, as had 
polyethylene used for under water cable insulation. Development of new materials has 
continued rapidly, and significant developments to date include polystyrene (1937), 
low density polyethylene (1941), high density polyethylene and Polypropylene (1957), 
and linear low density polyethylene (1977). 
8 
Since these early times, the plastics industry has developed at a rapid rate, overtaking 
traditional material industries such as iron and steel. Polymer science and technology 
is ever evolving, with new materials and synthesis methods introduced regularly 
(metallocene-catalyzed polyolefins being the most recent notable development). As 
plastic products are continuously developed to replace more traditional materials, the 
industry looks set to expand for the foreseeable future. 
2.1.2 Market Growth 
World consumption of plastics has experienced phenomenal growth since the 
introduction of the first thermoplastics. Since the early 1970s, world production has 
risen fivefold from 20 rnillion tonnes to over 100 million currently. The most 
important group of plastics, by consumption, is commodity, or bulk polymers 
comprising mainly of polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC) 
and polystyrene (PS). The USA consumption of these bulk thermoplastics are shown 
illustrated over the last ten years in figure 2.1. 
Sales of these materials are compared to other important polymeric materials in table 
2.1. This shows the rapid growth in the consumption of bulk polymers, in particular 
polyethylene. Consumption figures for PE include both linear high density (HDPE), 
low density branched (LDPE) and linear low density (LLDPE) polyethylenes. 
Polypropylene sales includes both homopolymer and copolymer, and PVC (polyvinyl 
chloride) both plasticised and rigid unplasticised grades. 
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Figure 2.1: USA Consumption of bulk polymers since 1986 (Modem Plastics 
International) 
1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 
ABS 490 548 580 564 528 512 585 624 719 662 
Nylon 201 226 260 270 259 2253 271 330 432 472 
PC 163 178 267 282 282 273 301 281 316 344 
Polyester 1273 1398 1550 1554 1621 1651 1790 1920 2126 2521 
HDPE 3190 3699 3667 3681 3870 4183 4747 4790 5400 5298 
LDPE 3994 4360 
1 
4966 4824 
1 
5404 5525 5600 
1 
6051 6113 
1 
5792 
pp 2644 3048 3215 3287 3700 3710 3868 4077 4525 4842 
Polystyrene 2026 2204 2280 
1 
2351 2337 2219 2365 2493 2724 2725 
Polyurethane 1199 1283 1467 1472 1486 1358 1515 1582 nja n/a 
PVC 
I 
3365 
I 
3666 
I 
3759 3768 4230 
I 
4154 
I 
4574 
I 
4736 
I 
5351 5369 
II 
Table 2.1: USA Sales of major plastics materials over the last decade, in ktons 
(Modem Plastics International) 
LOPE 
HOPE 
pp 
............. 
............ 4 
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2.1.3 Structure, Properties and Applications 
Polymers may be defined as large molecules built up by a repetition of small simple 
chemical units (monomers). The process of joining these monomers to form long 
polymer chains is called synthesis and is usually carried out at high pressure using a 
catalyst. Linear polymer molecules consist of a single long chain of repeated groups, 
whereas branched molecules contain branches of varying chain length. Schematic 
diagrams of the structures of the materials used in this work are shown in figure 2.2: 
Linear Short chain branching Long chain branching 
(HDPE, PP) (LLDPE) (LDPE) 
Figure 2.2: Schematic diagram of basic molecular structure 
The chen-dcal structure of polyethylene consists simply of repeating methylene groups: 
-CH2'CH2. CH2- 
and for polypropylene: 
-CH2. CH. 
I 
CH3 
These two polymers, although having two of the simplest molecular structures of any, 
are two of the most widely used due'to a variety of reasons including: 
i) 
, 
Cheapness to produce 
Ease of processing 
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iii) Low melting points 
iv) Good insulation properties 
V) Good toughness properties 
vi) Transparency in fibn grades 
vii) Good flexibility 
The individual properties of any particular grades of polypropylene or polyethylene 
depend largely on molecular weight (MW), molecular weight distribution (MWD) and 
degree of long and short chain branching. Increased branching not only results in 
lower density, but also an increase in resistance to stretching, which is an advantageous 
property in many processing operations such as film blowing. 
The uses, by process, of polyethylene and polypropylene produced in 1995 in western 
Europe are shown in figure 2.3. 
By the far the most important industrial application of extruded polyethylenes in 1995 
was the production of film and sheet for food and non-food packaging, carrier bags 
and bin liners. Other extrusion applications included pipes and conduits, coatings, and 
wire and cable insulation. Typical injection moulded applications included containers, 
cups, crates and bottle caps, and blow moulded products including liquid food bottles, 
chemical bottles, oil containers and industrial drums. 'Other' processes included 
rotomoulding, material used for compounding and export. 
12 
Injection 
tvlot&J iniz 
617o 
LDPE 
Bk)%v 
)v Io 
K\i 
LLDPE 
InjecwIl Other 
N/lk)Uklin- c () I 
Blow 5 
Moukiing 
0. 
HDPE 
jcnoll Bk)w 
douklim-, 
I'vioulding 
3i 
Txtmsý) 
Other 
3 1,7c 
pp 
1111ccwIl 
to uki alt-, 
44' 
Bk)w 
'Mouldill'-, Pý'o 
Figure 2.3: Western Europe consumption, by process, of polyethylene and Z7, 
polypropylene in 1995 
2.2 Polymer Extrusion 
The extruder is arguably the most important piece of polymer processing machinery. 
To extrude means to force out, and polymer extrusion is the process by which a 
polymer melt is forced through a die and formed into some shape. This section 
provides a general introduction to polymer extrusion, although 
for rnorýý detailed 
readinL,, Rauwendaal [ 1990] provides a useful text. 
I, 
Extrusion machines have evolved over a number of years and many variations now 
exist. The main distinction between extruders is the mode of operation: continuous or 
discontinuous. 'Mose which operate in a discontinuous fashion are used in batch type 
processes, such as injection and blow moulding, whereas continuous types are now 
commonly used for pipe production, cable coating, film and sheet production and 
compounding. 
Rauwendaal provides a classification of these two main types of extruders: 
Single Screw melt fed or plasticising 
Extruders single or multi stage 
Screw Extruders 
plastics or rubber 
I 
twin screw extruders 
(Continuous) 
Multi Screw gear pump 
Extruders - multi (>2) screws 
--- I- planetary gear extruders 
Reciprocating 
(Discontinuous) 
Ram 
Extruders 
Reciprocating 
Screw Extruders 
melt fed 
plasticising 
capillary rheometer 
- plasticising unit in 
moulding machines 
- compounding extruders 
(e. g. ko-kneader, 
pulsating action) 
Figure 2.4: Classification of extruder types, Rauwendaal [19901 
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2.2.1 Historical Review of Polymer Extrusion 
The origins of extrusion stem from many centuries ago, when basic forms of machines 
were used to produce soap, food products (such as pasta), clay and other ceramics. 
Joseph Bramah is widely recognised as having invented the first 'modem' extrusion 
machine in 1797, which consisted of a hand operated piston press for the production of 
seamless lead pipes. 
The extrusion process was first used for polymeric applications late in the 19th century 
- for applying gutta-percha to copper conductors. In fact, the first submarine cable laid 
between Dover and Calais in 1851 was successfully produced using this method. 
Extruders during this time were ram driven (either manually, mechanically or 
hydraulically operated), having steam or oil heated barrels. The discontinuous nature 
of these ram driven machines was a limitation in cable coating, and several attempts 
were made to make the process continuous. These efforts led eventually to the 
concept of the screw driven extruder, although ram extruders have not been 
abandoned and are still used in industrial processes such as ceramic and metal 
processing. According to Fisher [1954], the first machine to employ an Archemedian 
screw was patented by Gray and Co., Manchester in 1879. 
The first extruder designed specifically for thennoplastics was built in 1935 by 
Troester of Germany. Soon after this, the method of heating was changed from steam 
to electrical, and screw designs were modified to provide a higher L: D ratio. 
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In 1938, Colombo of Italy fast developed the twin screw extruder, whilst working on 
nixing ceRulose acetate. This first twin screw extruder was of the intermeshing co- 
rotating type, though counter-rotating and other more elaborate variations soon 
followed. Twin screw extrusion (TSE) lines have since become widely used for mixing 
and compounding. 
The early science of extrusion was carried out on a pragmatic basis, with industrialists 
leading the way for new development, but around the 1950's and 60's interest in the 
science of melting, conveying and mixing plastics was aroused. The science of 
extrusion has now developed to a level where computer modelling and numerical 
analysis are common design tools (albeit with significant lirnitations), and increasingly 
extruder/screw interactions are chosen specifically to suit the particular application. 
2.2.2 Principles of Polymer Extrusion 
2.2.2.1 Single Screw Extruders 
Single screw extruders operate by way of a rotating archemedian screw, housed in a 
closely fitting static barrel. A schematic diagram of the principal components of the 
single screw extruder is shown in figure 2.5. The screw is generally driven by a high 
torque electric motor. Polymer enters via a feed hopper, and is conveyed along the 
barrel by the rotation of the screw. Melting is caused both by ffictional forces incurred 
(viscous dissiPation), and conducted heat from the barrel. Ile extruder screw 
generally has three different sections, as shown in figure 2.6. 
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Food Hopper 
I . rudcLto 
Figure 2.5: Schematic representation of a single screw extruder 
Feed Compression Metering 
Pressure 
Figure 2.6: Schematic representation of the zones along an extruder screw, showing 
pressure build up along the screw 
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Material entering the feed zone in solid form is conveyed along the barrel where a 
molten layer begins to form at the barrel wall. Screw depth in this section must be 
kept constant to keep a steady supply to the metering zone whilst not starving it. 
Where melt begins to form, the compression zone starts. Here, screw depth gradually 
decreases to compact the melt, thus removing air pockets and improving heat transfer 
through the material. When melting is complete, the metering, or pumping zone 
provides a homogenous supply of melt to be forced through the die and formed. 
Screw depth is again kept constant to provide a melt at constant pressure and uniform 
temperature. Build up of pressure along the screw is shown in figure 2.6. The lengths 
of the zones are designed to be suited to particular applications, in order to provide the 
required pressure and temperature profile. 
To improve the quality of extrudate output, additional screw zones may also be added. 
Mixing zones are often used, with a variety of screw designs used to improve the 
mixing capability, such as mixing pins and interrupted flights. Venting zones allow de- 
compressed melt to rid volatiles at atmospheric pressure though a special port. Filters 
are sometimes added to remove inhomogenous material, which could result in a die 
blockage or have an adverse effect on product perfonTmce. Filters and breaker plates 
also reduce the spiralling effect of the melt. 
The die is an extremely important component of the extrusion process, and its design 
affects to a large extent not only the shape, dimensions and surface finish of the 
extrudate, but also the energy required to form the shape. Further influence on the 
form of the extrudate can be achieved using haul-off systems to draw down (or stretch) 
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the extrudate, and cooling processes such as water baths. Ile degree of shaping 
required depends on the application, and in production of certain goods, such as 
UPVC window profiles, is a key part of the process. 
Single screw extruders are the simplest and least expensive to operate, providing a 
reasonably steady output in terms of pressure and temperature. Typical applications of 
single screw extruders include sheet and blown film cable coating and pipe production. 
2.2.2.2 Twin Screw Extrusion 
In recent years there has been a steady increase in the number of twin screw extruders 
used in industry. The variety of applications to which polymers are put td has placed 
an increased load on their performance. This has led to the modification of many 
polymer systems by blending, compounding and the use of various additives. Twin 
screw extruders permit a wider range of output rates, mixing capabilities and 
heat/pressure generation than single screw types, and so are generally 'used in 
compounding processes. These processes provide a homogenous supply of melt 
(consisting of a single or blend of melts) together with additives to enhance the 
materials performance. Such additives include plasticisers, flame retardents, anti- 
oxidants and pigments, together with those designed for more specialist formulations 
(e. g. smart materials). 
A variety of twin screw extruder designs exist. The screws, which rotate in a 'figure of 
eight' cross-section barrel chamber may be counter or co-rotating, as indicated in 
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figure 2.7, and may or may not intermesh. In a counter-rotating TSE, material is 
squeezed between counter-rotating rolls in a similar principle to a gear pump. If the 
screws do not intennesh, the extruder provides poor conveying characteristics due to 
the exchange of material from one screw to another, but good mixing capability. Non- 
intermeshing extruders are particularly suitable for the reactive extrusion process, 
where long residence times are required. Intermeshing types increase the conveying 
capacity because the low clearance between the screws block the polymer's path along 
the screw channel, forcing the majority of it to be conveyed along the screw. 
I 
co-Autatino 
(--w-shing) 
Co-RoLa&ig 
(n. ryvwsMitg) 
Countmr-Rotating 
Counter-Rotating (intermashing) 
(non-4-ter-ShAing) 
Figure 2.7: Different types of twin screw extruder 
In co-rotating TSEs, the material is transferred from one screw to another in a figure 
of eight pattern, which provides a low residence time, high shearing and high 
throughput. This type of machine is particularly suited to processing heat or shear 
sensitive materials such as PVC, as the residence time is low, with little possibility of 
material entrapment. The modular design of co-rotating TSEs readily allows the 
inclusion of special mixing elements, such as those mentioned previously in this 
section. 
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Co-rotating TSEs are generally available in two forms, closely or fully intermeshing. 
Lower tolerances between the screws (intenneshing) results in better conveying 
characteristics, but high melt pressures and requires high torque generation, - limiting 
the maximum operating speed. 
The performance of single screw, co-rotating and counter rotating twin screw 
extruders are surnmarised in table 2.2. 
Type Single Screw Twin Screw I 
(Co-Rotating) (Counter-Rotating) 
Principle Friction between 
screw, barrel & melt 
Friction between 
screw, barrel & melt 
Forced mechanical 
conveyance 
Conveying efficiency Low Medium High 
Mixing efficiency Low Medium-high lEgh 
Shearing action High Medium-high Low 
Energy efficiency Low Medium-high High 
Heat generation High Medium-high Low 
Max. op. speed (rpm) 100-300 250-300 35-45 
Table 2.2: Comparison of extruder performance, Crawford [1987] 
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2.2.2.3 Processes Based on Extrusion 
In addition to standard extrusion and compounding processes, a large proportion of all 
polymer processing incorporates some form of rotating screw. Film blowing is the 
most common method of film production, and an extruder (or number of extruders) is 
used to provide melt through a spiral die to produce a thin tube. Air pressure inside the 
tube biaxially stretches and cools the film, before it can be eventually hauled-off and 
roHed. 
Blow moulding requires extruders to provide a parison (tube of melt) through an 
annular die. A mould then closes around the die and a jet of air inflates the melt to 
take up the shape of the mould. 
ec on moulding machines also utilise an extru, er type screw in a batch process. A 
rotating screw inside a barrel melts polymer in a similar manner to extrusion, by a 
combination of mechanical work and conductive heating. When polymer is sufficiently 
molten, rotation is halted and the screw moved forward to act as a plunger to force 
melt through a nozzle and into a mould. Ilie screw is then held in position for a 
specified amount of time to allow the mould to 01 with polymer, before being moved 
back to its original position where rotation is resumed. 
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Z3 Polymer Melt Rheology 
During the processing of a molten polymer, an understanding of melt flow behaviour is 
important. The stages of heating, shaping and cooling a plastic are complex, and the 
success of producing a value-added finished product is dependent upon an 
understanding of the relationship between material and process. Many plastics 
processing applications have evolved from other processing technologies as an art, 
rather than a science. However, the increase in demand on material and processes has 
driven the need for a greater depth of understanding into material and process 
interaction. 
Rheology can be defmed as the study of deformation and flow, and defmes the 
behaviour of a material under deformation. Rheology is concerned with the 
relationship between stress (force per unit area) and strain rate (rate of change 
of dimension). 
2.3.1 Deformation 
Material deformation is complex, and real stresses and strains consist of a number of 
components, each of which acts on a specific plane in a specific direction. Therefore, a 
true description of stress acting on a point should consist of a full set of these 
components to cover all possible planes and directions. This is most easily achieved in 
the form of a tensor, which describes the stress (or strain, rotation etc.. ) on any plane 
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in matrix form, and allows powerful manipulation in tensor algebra and calculus to 
solve specific problems (Macosko [1993] provides a useful introduction). 
The analysis of polymer melt rheology in real flows is a difficult and time consuming 
task, often requiring large computational resource. However, for industrial 
applications, flow can be considered to be based on a number of simplistic models 
derived from idealised flow behaviour. This allows melt behaviour to be examined and 
analysed in a pragmatic manner, to provide useful engineering data without excessive 
computation. 
Deformation can be considered as an interaction between three simple forms: 
a) Simple shear - stress is applied tangentially: 
F 
Figure 2.7: Simple shear deformation 
Shear Stress (N m2), -T =F (2.1) A 
Shear Strain, yx (2.2) h 
Rate of Shear Strain (s"), i =Idr =v (2.3) h dt h 
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b) Simple extension - stress is applied normal to the surface of the material: 
---- 
I'I 
. --a- 10 
it 
Figure 2.8: Simple extension 
Stress (N /m2 )l GE 
A 
Strain, e=I 
dl 
= In 
II 11 
10 10 
Rate of Strain (s"'), v 
c) Bulk compression - stress is applied to all faces: 
F 
F 
-----1 r--'r ----r--- 
II- 
F 
Figure 2.9: Bulk compression 
F 
F 
(2.4) 
(2.5) 
(2.6) 
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Stress = applied pressure, P (2.7) 
Strain = change per unit volume, 
dV 
(2.8) 
V 
2.3.2 Response of Materials 
Three types of response to an applied stress are possible; elastic deformation, viscous 
flow, and rupture. In viscous flow, material continues to deform as long as stress is 
applied, and the energy input to maintain flow is dissipated as heat. If a critical stress 
is reached, rupture occurs, which is a significant factor in determining maximum 
processing rates. 
Hookean solids deform in purely elastic manner, with stress being proportional to 
strain: 
Modulus (N / m'), G= 
Stress 
-a (2.9) Recoverable Strain C 
Strain 
Stress 
T"une 
Figure 2.10: Hookean behaviour 
In this case material deforms instantly under stress and is spontaneously reversed when 
stress is removed. 
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Newtonian fluids deform in a purely viscous manner, with stress being proportional to 
rate of strain: 
Shear Viscosity (Pa. s), 11 - 
Shear Stress IC (2.10) 
Shear Strain Rate 7 Y 
Extensional Viscosity (Pa. s), TjE= 
Tensile Stress 
-a (2.11) Extensional Strain Rate 
Strain 
Stress 
Time 
Figure 2.11: Newtonian behaviour 
Polymer melts are generally non-Newtonian, as their viscosity varies non-linearly with 
shear strain rate. This behaviour can be usefiffly described over intermediate, . 
processing ranges by the power law, in which shear stress is proportional to a power of 
shear rate: 
0X Ky (2.12) 
0 A-1 
or 11 = Ky (2.13) 
Where n= power law index 
K= power law viscosity coefficient 
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The values of n and K are in themselves useful rheological parameters in practice, 
indicating the viscous nature of the material in shear flow. Power law index, n, 
describes the 'non-Newtonian' behaviour of the flow (1 = Newtonian flow, <<l = very 
non-Newtonian), and can be useful in modelling shear flow behaviour. The value of 
the power law viscosity coefficient, K, provides an indication of melt stiffness at a 
shear rate of lsý'! 
Shear 
Stress 
Shear Strain Rate 
fewtontan 
Power Law 
Figure 2.12: Behaviour of a power law and Newtonian fluid 
Polymer melts actually exhibit both viscous and elastic response to stress - 
viscoelasticity. This is traditionally modelled in simplistic manner using the Maxwell 
model in which a Hookean. spring is placed in series with a Newtonian dashpot: 
Newtonian Dashpot Hookean Spring 
Figure 2.13: Maxwell model 
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Time 
Figure 2.14: Viscoelastic response to stress 
This model may be used in practice with the measurement of an apparent viscosity and 
an apparent modulus, although true rheological response is more complex still. In 
simple shear, in addition to shear stress, a normal stress is present; a pull "along the 
lines of flow". In fact, the true deformation on a polymer melt during a processing 
operation comprises of shear, extension and bulk compression, and its response is an 
interaction between viscous flow, elasticity and rupture. 
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Chapter 3 
Polymer Melt Rheometry 
Introduction 
The aim of this chapter is to describe methods of making measurements on the flow of 
polymer melts, both in a laboratory environment, and during processing. Standard 
techniques are described, in particular capillary and slit rheometry, and the ways in 
which these have been applied to provide in-process measurements, including the 
methods used in this study. A critical review of relevant research is provided 
throughout the chapter. 
3.1 Rhoometry 
Rheometry has been described as "the art of making useful measurements of the 
deformation and flow properties of materials", Cogswell [1981]. Rheometers are 
instruments designed to measure the rheology of materials, and numerous designs 
exist. The type and complexity of rheometer is suited to the depth and accuracy of 
information required. For example, a check for batch to batch variation may require a 
single point test, whilst the development of a new resin would necessitate a variety of 
more detailed rheological tests to provide sufficient flow property data. 
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In general, the choice of property to be measured will depend largely upon: 
i) ne type of material. 
ii) The process in which the material will be used (the temperatures, strain rates 
and stresses the melt will be subjected to during processing). 
iii) The use to which the data wiR be put. 
3.2 Measurable Rheological Properties 
The properties of polymer melts are defined in terms of their response to a known 
deformation (see section 2.3). The deformation must be accurately controlled by 
imposing boundary conditions to ensure material-independent deformation. As 
polymer melts are viscoelastic, their dependence on time needs to be taken into 
account. Therefore, not only deformation but deformation (or strain) history should be 
controlled over a finite length of time. Flow should ideally be "viscometric" - one in 
which the deformation experienced by ý given element of fluid is indistinguishable from 
simple shear. This means that although ideal steady shear may be impossible to 
reproduce in a laboratory (as this requires plates of infinite area), certain flows are 
analogous. These flows, including flow in a tube (distant from the ends), between 
plates or between concentric cylinders may be. used on a practical basis in rheological. 
characterisation, and form the basis of most rheometers. 
Temperature is an important parameter in theology, as most polymer melts are highly 
temperature dependent. This should therefore be carefully controlled during the 
rheological tests, or measured, to allow extrapolation back to a reference temperature. 
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Generally, rheometers are designed to measure properties of shear, extension and 
viscoelasticity, together with some more specialised rheological phenomena such as 
slip and rupture. Shear viscosity (defined in equation 2.10) is assessed by measuring 
the relationship between shear stress and shear strain rate. Extensional viscosity can be 
measured directly by uniaxial extension although it is difficult to achieve pure extension 
in melts. In practice, this is generally estimated by extracting the extensional 
component from another type of flow such as convergent capillary flow, although this 
is a measurement at a non-constant strain rate. Viscoelasticity is genera. Hy assessed by 
measuring the response of melts to deformation over time and normal forces can also 
be directly measured (Walters [19751). 
3.3 Fundamental Assumptions 
In interpreting rheological flows, certain assumptions are generally made for polymer 
melts: 
i) Melt is assumed to be incompressible, i. e. its density is uniform throughout the flow 
field. Although density is dependent upon temperature and pressure, the validity of the 
assumption depends on these quantities being constant throughout the measurement 
flow. 
ii) Melt is considered as a continuum - i. e. continuous flow rather than discrete units. 
71be validity of this assumption depends on the actual distance between molecules 
being too small to be of any practical significance, although in practice the structure of 
individual molecules has significant effect on melt behaviour. 
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iii) Melt is considered isotropic at rest - i. e. to have no intrinsic dependence on 
direction. This is true for most materials after being free of stress for a certain amount 
of time. 
3.4 Pressure Driven Flow Rheometers 
3.4.1 Melt Flow Index Testing 
The Melt Flow Indexer (illustrated in figure 3-1) is the simplest rheological test and is 
the cheapest and most widely used in industry. It is used to asses the fluidity of a melt 
under standard conditions. Several standards have evolved to specify test conditions, 
which vary according to material under test, including BS 2782 methods 732 A and C 
[1991], and method 720 [1979]. 7be indexer consists of a barrel, in which a capillary 
die is placed (length to diameter ratio of approx. 4: 1). Granulated or powdered 
polymer is placed in the barrel and heated for a defmed period at test temperature. - 
Melt is then extruded through the capillary by the action of a piston, loaded with a 
standard mass. After a defined period of time, the extrudate is cut and weighed to 
determine melt flow rate. This procedure is repeated a number of times and an average 
value calculated. The Melt Flow Index (MFI) of the material is calculated in grams per 
10 minutes, the value being high for low viscosity materials. 
Weight 
Thermometer 
Heater 
Band 
Piston 
Capillary Die 
Figure 3.1: The Melt Flow Index tester 
The single point test can be extremely sensitive (to widlin 3%, Cogswell [1981]), and 
is useful for distinguishing between polymers of the same family. However, these 
devices cannot provide reliable values of viscosity, and the Melt Flow Index is not a 
theological parameter. Also, two materials having the same melt flow rate may have 
viscosity curves of quite different shape and the MFI test actually equates to a very 
low shear stress producing shear strain rates of commonly less than 50 s-1. 
Slight modification in the test method does provide more detailed information. The 
use of two different loads gives a two point viscosity line which provides an indication 
of pseudoplasticity. Also, by measuring extrudate diameter, an evaluation of die swell 
can be related to melt elasticity. 
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3.4.2 Capillary Rheometry 
Of all the rheometers used in industry, capillary rheometers have become somewhat of 
a standard. Some of the reasons for this widespread use is that the test method models 
to some extent an industrial process at comparable processing rates, it is relatively 
simple to use and cheap to produce. The capillary rheometer consists of a barrel into 
which a capillary die is placed, with a pressure transducer located just above the 
capillary. The barrýl is filled with polymer and after heating for a certain time at test 
temperature, a piston is driven down the barrel by electric motor at known speed. 
Several piston speeds may be set, and pressure drop through the capillary measured at 
each, so a sweep of processing rates can be examined. A schematic diagram of a twin- 
bore capiHary rheometer is shown in figure 3.2. 
ure 
ducer 
ie 
Figure 3.2: Schematic representation of a twin-bore capiflary rheometer 
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3.4.2.1 Capillary Rheometry Derivations 
Ile rheological parameters wall shear stress and wall shear rate are calculated from 
melt pressure drop and piston speed, respectively. The following equations are derived 
from the Poiseulle law for capillary flow, which is found in standard texts, such as 
Whorlow [19921. 
Wal I Shear Stress (Pa), cw= 
RAP 
2L 
(3.1) 
Wall Shear (Strain) Rate (s'), 4Q (3.2) 3 
nR 
Tw Shear Viscosity (Pa. s), Tj =. 
It 
Where AP = pressure drop (Pa) 
L= capillary length (m) 
R= capillary radius (m) 
volumetric flowrate 
(m3/s) 
(3.3) 
The range of shear stresses and rates attainable is dependent upon the equipment used 
within the rheometer. Shear strain rates are dependent upon piston speed (flowrate) 
and capillary radius cubed, so rates from 0.1 - 100,000 s" are achievable in most 
capWary rheometers. 7be range of pressure transducer used can also be suited to a 
particular material at desired test rate. By the use of closely toleranced parts, accurate 
drive control and pressure measurement, viscosity measurements should be repeatable 
to within 3%. 
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The above equations, derived from the Poiseulle law yield apparent rather than true 
flow properties due to a number of errors. Cogswell [1981] lists the principal sources 
of error when measuring polymer melts in capillary flow as: 
i) reservoir and friction losses 
ii) ends pressure drop 
iii) non-parabolic velocity profile 
iv) slip at the die wall 
v) influence of pressure on viscosity 
vi) influence of pressure on volume 
vii) influence of heat generation 
viii) influence of decompression on temperature 
ix) modification of the material due to work in the die 
The first four errors in the above list are considered potentially the most important. 
The others, particularly those due to pressure and temperature are thought to be to a 
considerable extent mutually cancelling (Cogswell [19,81]). Mese, errors are now 
discussed. 
3.4.2.2 Reservoir and piston friction losses 
Reservoir and barrel height effects are a result of shear flow within the ban-el, which is 
itself a tube (or larger capillary), so flow should be considered as though two 
capillaries in series. Piston friction losses result from the effect of energy lost to 
ftiction between piston tip and barrel wall. Both these errors can be eradicated by 
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positioning the pressure transducer close to the die entrance, and this design is 
incorporated into most modem rheometers. 
3.4.2.3 Ends pressure drop 
These losses result from the effect of pressure drop as material converges into the 
capillary entrance, and swells after its exit (much less significant). This effect is shown 
schematically in figure 3.3. 
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Figure 3.3: Ends correction in capiUary flow 
Ile most significant of these two errors, entry pressure drop, is a result of the energy 
required to converge melt into the die entrance from the barrel reservoir. This may be 
corrected for by subtracting pressure drop through an orifice die (with the sarne, 
diameter but nominally zero length) thus subtracting the pressure drop associated with 
the convergent flow. Therefore, shear stress becomes: 
IEW = 
(APL -APO) R (3.4) 
2L 
Where APL = long die pressure drop 
APO = short dic pressure drop 
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This stress is known as 'true' or Bagley corrected wall shear stress. Bagley [1957] 
observed that a plot of pressure drop versus die length to diameter (L: D) ratio gives a 
straight line with positive intercept. This'implies that through using several different 
length dies it is possible to extrapolate back to obtain a zero length pressure drop. 
Although this extrapolation generally provides a reasonable prediction of entry 
pressure drop, it is most accurate to measure this as closely as possible using an orifice 
die. The most common method is to use two dies, one long die (L: D 16: 1), and one 
orifice die (L: D - 0). In fact, some commercial rheometers (including the Rosand RH7 
used in this study) are equipped with two barrels to allow orifice pressure drop . 
measurement simultaneously with long die pressure drop. 'Me entry pressure 
measurement is in itself a useful theological tool, and will be discussed later in this 
section. 
3.4.2.4 Non-parabolic velocity profile 
The wall shear strain rate given in equation 3.2 was derived using a Newtonian flow 
analysis, which for polymer melts yields only apparent flow properties. This is because 
Newtonian fluids in steady shear larninar flow exhibit a parabolic velocity profile, 
whilst for polymer melts the flow profile tends to be plug-like: 
Figure 3A Newtonian and Non-Newtonian flow profile 
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Newtonian Non-Newtonian 
Rabinowitsch [1929] derived a correction for polymer melt shear rates, based on the 
velocity profile being dependent upon the power law index n. This correction was 
derived from a balance of forces for flow through the capillary, obtaining true shear 
rate as: 
a 
=(Ln+l me 
L--). 
y 
4n -pp 
Where n= power law index 
(3.5) 
This is a less significant correction than the entry pressure correction, and depending 
on the power law index, results in a shift in the shear stress - shear rate curve. The 
decision of whether or not to use this correction is down to the individual, but when 
making comparisons, care should be taken to compare like with like. 
3.4.2.5 Slip at the die wall 
In capillary flow analysis, a primary assumption is that velocity at the die wall is zero. 
However, slip is known to occur in certain systems such as ceramics, PVC and to a 
lesser extent HDPEs. Direct observation and measurement of this phenomena is 
difficult in capillary flow, although an indirect method of measurement has been 
developed by Mooney [1931]. This analysis involves using dies of different diameter 
but same L: D ratio to measure apparent shear rate at a given shear stress. Firstly, flow 
is divided in shear and slip components (slip is considered as plug flow): 
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Flowrate = Shear + Slip (3.6) 
nR 
3.2V 
-yrme+nR (3.7) 4 
0= 4Q 0 4v 'y 
app RR3 
y 
ou-9 
+7 (3.8) 
Where v= effective slip velocity 
From this, apparent shear rate can be plotted against I/R and an indication of effective 
slip velocity obtained. This method is dependent on the assumption that slip is a 
function of only shear rate at the die waU, and is independent of geometry. It is also 
thought that each shear stress measurement should be Bagley corrected, to remove 
geometry dependent entry pressure errors. The method is useful for qualitative 
analysis, but results should be treated with caution. 
3.41.6 Extensional Rheology Using Capillary Flow 
Capillary rheometry can also be used to examine extensional flow behaviour. 
Extensional flow is of fundamental importance to any polymer processing operation in 
which melt converges into a die or nozzle, or axially stretched, such as film blowing or 
blow moulding. As melt from the reservoir of a capillary converges into the capillary, 
extensional flow is produced: 
Figure 3.5: Extensional flow through an orifice die 
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Cogswell [1972a] treats the analysis of convergent flow by separating the convergent 
flow into shear and extensional components. Applying this to capillary flow yields the 
'tangent' model: 
Extensional Viscosity (Pa. s), %=a 
Ro 
(3.9) 
tancuy [1 - (r, / r. 
Where Po = entry pressure 
ri = barrel radius 
ro = capiHary radius 
a= entrance sen-d-angle 
This has been modified to treat free convergence (entry semi-angle 90*), which is 
probably the simplest and most widely used extensional viscosity model. 
TIE 
(n 
32 
(3.10) 
3 Extensional Stress (Pa), GE =8 n+I PO 
Extensional Strain Rate (s"), 
CFE 
(3.12) 
TI 
_. 
Further analyses of convergent flow have been carried out, and several modifications 
to the above equations suggested. The most notable of these have been developed by 
Gibson [1988] and Binding [1988]. Gibson employed a spherical velocity field model 
to describe convergent flow, based upon Cogswell's method. Binding started from 
energy principles to relate entry pressure drop to flow rate and fundamental rheological 
properties. 
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Capillary rheometers; have also been adapted to perform more specialist tests, such as 
melt compressibility and rupture. In compressibility tests, the capillary die is 
substituted for a closed plug, and as the piston is driven down, the relationship 
between pressure and volume is measured. Rupture tests involve ramping piston speed 
up slowly, and logging pressures to detennine the range in which flow is unstable. 
Elastic effects may also be inferred from capillary flow, most readily through 
measurement of post extrusion swelling, although practical constraints and non- 
isothermal conditions make real-time measurements difficult. Two measurements of 
swell from a long die (BL) and an orifice die (Bo) approximate to maximum and 
minimum values of swell ratio. Recoverable shear (-ýk) and extension (cR) can then be 
calculated: 
I-3 
BL 2=27R1+ 71-2 
1 
(3.13) 
3R FR- 
eR= In B02 (3.14) 
which lead to the calculation of shear and extensional modulus. 
3.4.3 Review of Capillary Rheometry 
A large amount of research has been carried out regarding the design and use of 
capillary rheometers for polymer melt characterisation. The aim of this section is to 
summarize briefly the most relevant studies in this field, primarily in capillary 
rheometer design, ends correction studies and 'specialist capillary flow'. 
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3.4.3.1 Capillary Rheometer Design 
Han and Kim [ 197 1 b] carried out an experimental study to investigate the influence of 
reservoir to capillary diameter (DR/D) ratio on elastic properties of polymer melts 
flowing through capillary dies. Different DR/D combinations were used and wall 
normal stresses estimated from axial pressure drop along the capillary. Results showed 
exit pressure to first increase, then level off as DR/D increased, agreeing with 
corresponding experimental data for die swell measurements. This dependence of 
elastic properties on as DR/D ratio was explained by recoverable strain energy being 
dependent upon melt strain history. 
Wood et al [1989] used three capillary rheometers with different designs to carry out 
the same rheological tests. A gas powered rheometer, operating in constant stress 
mode was used, together with an extrusion rheometer (constant shear rate), and an 
injection moulding machine configured as a constant shear stress capillary rheometer. 
The instruments had differing reservoir diameters, but the same capfflary dies were 
used in a range of theological tests. Results for five materials and a range of dies 
found large discrepancies between the techniques, with the laboratory piston driven 
device measuring highest pressures and the injection moulding machine the lowest. 
After discounting all the possible errors, the discrepancy was attributed to differing 
strain histories in the melt reservoir. 
Okubo and Hori [1979] presented a detailed study of the wall shear stress and mean 
normal stress difference in a modified capiHary rheometer, using two HDPEs- Wall 
pressure was measured in conventional manner at the barrel wall, and several hole 
pressure measurements were taken along the capillary, through 1 mm diameter holes. 
A Bagley plot of pressure drop versus die L: D ratio was found to be linear, indicating 
true wall shear stress was constant at a given flow rate. Hole pressure drop along the 
capillary was found to be linear except in the entrance region, which dropped more 
quickly, although hole pressure drop approaching the exit region was found to be 
constant. Mean normal stress difference analysis showed that the melt relaxed soon 
after the capiHary entrance and then became constant. 
Reilly and Oliver [1994] presented a detailed study of the errors encountered in making 
capillary rheometry pressure measurement using a fully instrumented capillary 
rheometer. This consisted of an instrumented plunger (to measure pressure), a wall 
mounted pressure transducer, a load cell on the crosshead, and an infra-red melt 
temperature sensor. Experimental results showed the crosshead load cell readings to 
be higher than the pressure measurements due to friction between the piston tip and 
barrel wall. Pressure differences between the plunger tip and pressure transducer were 
used to measure barrel pressure drop, and this was then used as a low shear rate 'barrel 
rheometer' reading which found good agreement with low shear capillary and parallel 
plate rheometry. Maximum temperature rise due to adiabafic heating was found to be 
around 5 "C when the piston was ramped quickly up to m*murn speed. 
Capillary rheometers for specific applications have also been reported. Malguarnera 
[1984] reported the design of an instrument specifically for. testing thermosets, 
incorporating an oil-hcated barrel for uniform temperature distribution. Leblanc et al 
[ 198 1]'described an automated capillary rheometer designed specifically for the testing 
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of rubbers, which included a laser die-swell measurement system and a 'stress 
relaxation' test for measuring qualitative material relaxation parameters. 
Braun [1992] provided a comparison of capillary rheometers and MFI testers 
commercially available at that time. This review compared key features such as range 
of test conditions and accuracy of heaiing and temperature control. Ibe Rosand RH7 
capillary rheometer used in the work reported here was included in the review and 
compared favourably with other similar instruments, with a particular advantage being 
its twin-bore design. 
3.4.3.2 End Corrections in Capillary Rheometry 
End corrections in capiHary flow have been subject of much discussion. Ends 
correction has conventionally been made using Bagley's [19571 method of subtracting 
entry pressure through an orifice die from long die pressure drop measurement to 
calculate true shear stress (see equation 3.4). Han and Charles [1971c] claimed that 
this method was inaccurate as pressure is not measured along the capillary, merely 
inferred from entry pressure, so exit pressure drop should also be subtracted. McHugh 
et al [1972] disputed this argument, claiming ends correction did include the exit 
pressure drop if such a significant drop existed. 
Hyun [1974] used polystyrene in a capiUary rheometer study to examine ends 
correction. He concluded that the discrepancy between Bagley's method of correction 
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and that of Han was a result of the effect of a deviatoric stress contribution in pressure 
measurement at the capillary wall. 
Bagley type pressure drop studies have also been the subject of numerous studies 
concerning specific material groups such as rubbers, LCPs and polymer solutions. 
3.4.3.3 Capillary Rheometers used for Specialist Tests 
Capillary rheometers have been used for examining a wide variety of theological 
characteristics. Convergent flow studies (discussed in 3.6.1.2), and the ends correction 
debate are dominant. Other frequent studies involve wall slip and fracture 
experiments. Hatzikiriakos [1992a, 1992b and 1994al reported the most detailed 
studies using HDPE, and Mourniac [1992] investigated the slip behaviour of rubbers, 
presenting a modification to the Mooney [19311 analysis. Hatzikiriakos and Dealy 
[1994b) investigated the rise time (time taken for capiUary flow to reach steady state), 
and found this to increase with L: D ratio and amount of polymer in the barrel, and to 
decrease with capillary diameter and piston speed. 
Other frequently reported capillary studies include work on melt spinning, most 
notably by Han [1972], and capillary die swell (Dealy [1982]) to investigate elastic 
melt properties. 
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3.4.4 Slit Flow Rheometry 
Measurement of rheology may also be carried out using a rectangular slit (figure 3.6), 
in much the same way as capillary flow. This allows flush mounted pressure 
transducers to be located along the length of the slit to determine pressure drop 
linearity, and obviates the need for end corrections. 
Melt = 
Figure 3.6: Slit Die Rheometer 
Slit rheometry (or parallel plate) derivations are as follows: 
Ir wall = 
HAP 
(3.15) 
2L 
6Q 
y pp wH2 
(3.17) 
pp 
Where H= slit height 
W= slit width 
L= slit length 
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Pressure Transduce" 
In a similar manner to capillary flow, Rabinowitsch corrections may be carried out to 
correct for Non-Newtonian behaviour. Slit dies also allow extrapolation of pressure 
measurements along the die to predict exit pressure, which can be used for first normal 
stress difference calculations (Han [1988]). The measurement of pressure at the end of 
a hole also allows such a calculation (Laun [1983]). Slit rheometers also lend 
themselves to flow visualisation, with methods such as stress birefringence being used 
to examine flow patterns. 
3.5 Rotational Rheometry 
The other method of rheometry widely used for polymer melts is rotational rheometry, 
in particular using sliding plates. In this method, two parallel plates, or more usually a 
cone and a plate, are fixed with melt occupying the space in between them. One plate 
is rotated and the other is kept stationary, inducing a shear flow within the melt 
dependent upon rotation speed and gap width. Torque is measured on the opposing 
plate and from this value shear stress can be calculated. Viscoelasticity data can be 
examined by providing a step input to the melt and measuring the response. 
Melt 
C---) 
Torque Measurement 
Figure 3.7: Cone and Plate Rheometer (constant strain rate type) 
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Drive 
Cone and plate rheometers can also be used to investigate dynamic viscosity and 
elasticity characteristics. Melt is subjected to a sinusoidal shear history and stress 
response is measured. If the material is entirely elastic, the stress response will be 
sinusoidal. and iri phase with strain input, with amplitude dependent on the stiffness of 
the material. If the material is entirely viscous, response is in anti-phase. 
This type of rheometer does have certain advantages over pressure driven types, such 
as being able to accurately measure both viscosity and elasticity on a small sample, but 
the relevance to actual processing is limiWA The strain rate ranges imposed are 
usually much lower than those encountered in processing, and many industrialists 
prefer to use a test which mimics the process, rather than seeldng an ideal deformation. 
Detailed analysis of rotational rheometry can be found in standard texts, such as 
Walters [1975] and Whorlow [1992]. 
3.6 Extensional Rheometry 
In addition to the convergent flow analysis shown in section 3.4.2.6, a number of 
rheorneters have been developed to measure extensional flow behaviour. Although the 
convergent capillary flow method is commonly used and is useful for qualitative 
studies, the measurement of pure extensional (tensile) flow at a steady strain rate is 
needed to fully characterise a material. A relatively simple tensile test on a solid sample 
becomes considerably more difficult when the test sample is molten. 
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The best known extensional rheometer is the type originally devised by Meissner 
[1969], and since modified. In this instrument, a sample of polymer melt is drawn 
between two rollers at constant velocity in an oil bath. Tension in the sample is 
monitored as a function of time, and stress is calculated'from sample cross-sectional 
area. 
Melt Sample 
no 
®r) 
Figure 3.8: Extensional Rheometer (constant strain type) 
Ile other main method seeking to measure extensional viscosity from purely 
extensional flow is by continuous drawing experiments. Cogswell [1969] describes 
theory and presents results for a LDPE. This is a relatively simple experimental 
method, in which shear stress is determined by haul-off force, and strain rate by 
reduction of cross sectional area, but the analysis is complex, and problems such as -- 
non-isothermal conditions and extrudate swell need to be considered. 
3.6.1 Review of Entry Flow Studies 
The study of how viscoelastic polymer melts flow into constrictions is of great 
importance to the polymer processing industry, as all processes at some point involve 
convergent flow. This seemingly simple problem has provided great difficulty for 
experimentalists and theoreticians alike, and a full understanding of the most simple 
material's entry flow patterns has not yet been achieved. The entry flow 'problem' has 
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generally been investigated on three fronts - experimental visualisation of entry flow, 
elongational rhepmetry and numerical simulation. This section summarises briefly the 
. most 
important advances made in each of these fields. 
3.6.1.1 Entry Flow Visualisation 
Attempts have been made to visualise the entry flow patterns of melts flowing into a 
die in a number of ways, for example using pigmented material, streak photography 
and flow birefringence. Introducing pigmented material into the flow is the simplest 
method to examine flow patterns, allowing the coloured flow lines to be visualised in a 
ceH (and video taped if required), or the entry region to be frozen and removed to be 
examined by cross section. Streak photography allows particles introduced into the 
flow to be filmed and their velocity proffles calculated. Flow birefringence uses an 
optical cell to pass polarised light through a transparent melt section and thus the 
birehingence patterns can be measured. This is probably the most useful method, as it 
allows the calculation of stress and stress differences built up in the melt flow. 
White et al. [ 19 87] provided a review of the entry flow 'problem' up to that time - both 
through experimental and numerical methods. The authors attributed the continued 
drive to understand entry flow behaviour to the need to develop accurate simulation 
models, rather than using simplistic approximations. 
Flow visualisation studies on polymer melts stem from 1957, and have used a variety 
of visualisation methods. Most early studies were concerned with measuring stresses 
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and velocities rather than flow patterns. A major concern was the occurrence of melt 
fracture, and to interpret this it was thought necessary to understand entry flow 
behaviour. The fonnulation of vortices in flow through 901 serrii angle dies were 
generally reported in branched materials such as LDPE but not in the case of linear 
ones. The correlation between vortex size and rheological properties has been 
reported by J. L. White and his co-workers [1970,1978]. Ballenger and White [1970] 
were the first to measure the natural entry angle which the polymer melt takes entering 
a flat entry channel for several melts, and suggested vortex size was related to 
Weissenburg number (NI over twice shear stress), or entry pressure drop over shear 
stress (this being easier to measure). ne formadon of vortices was only found to 
occur at higher shear rates. Den Otter [1970] suggested a molecular mechanism was 
responsible for the presence of vortices - in which a reduction in molecular weight 
causes a reduction in vortex size. Later, White and Kondo [1978] recognised the 
importance of extensional flow within the entry region, and described vortices as a 
'stress relief mechanism'. White and Baird [1986] later stated that only materials with 
extension-thickening behaviour exhibit vortices. 
Checker and Mackley [1983] used birefringence techniques to examine relaxation 
times for a HDPE flow into a slit, and found these to be dependent on entrance 
velocity gradient. Ahmed and Mackley [1995] later used the same technique to 
examine centreline planar extension of polyethylene flowing into a slit die. Velocity 
profiles were calculated and principle stress differences along the centreline of the slit 
estimated. 
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3.6.1.2 Study of Extensional Rheology 
The importance of extensional melt characteristics on entry flow pattern is widely 
acknowledged. However, despite the amount of work carried out in extensional melt 
characterisation, it has not yet been resolved how melts behave in extensional flow. 
This is mainly due to transient extensional stress growth at high strain rates being 
difficult to measure. It is generally agreed that a steady state extensional viscosity 
exists at low extension rates, and that this is related to the zero shear rate viscosity by 
the Trouton Ratio (TIE=3TIo). However, most important in the die entry region is how 
stress growth varies at high extension rates. 
Most of the work carried out in elongational rheology has been done using constant 
rate type tensile instruments such as those developed by Meissner [1969], and 
described in section 3.4.6. Work carried out by Franck and Meissner [1984] and 
Munstedt [1980] indicated that molecular weight distribution (MWD) has a strong 
influence on extensional flow behaviour, and that completely different stress growths 
were obtained by variation of the MWD of a polymer. This is also true for entry flow 
patterns, so theological characterisations should be considered when studying entry 
flow patterns and the fonnulation of vortices. 
There have also been attempts to characterise extensional behaviour by analysis of 
convergent flow in capillary dies, and these, although not consisting of purely 
extensional flow, are generally easier to measure. Cogswell [1972] proposed the 
measurement of extensional viscosity based on convergent flow (equations 3.9 - 3.12). 
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The analysis separates shear and extensional components of convergent flow to 
calculate extensional stress in tenns of pressure drop. Tlie analysis has been extended 
to cover flow from a reservoir into a flat entry angled die, and is still widely used in 
capWary rheometry. 
Several further analyses of convergent flow have been suggested. Gibson [1988] 
employed a spherical velocity field model to describe convergent flow in a 
development of Cogswell's method. Binding [1988] made a more careful theoretical 
derivation of convergent flow using energy principles to relate entry pressure drop to 
flow rate and rheological properties. Although perhaps more accurate, this method 
applies only to 90, semi entry angle, and requires numerical solution techniques 
requiring significantly more time than the above analyses. 
Further refinements have been made to the early convergent flow analyses. Kwag and 
Vlachopolous [1991] found Cogswell's analysis to be a reasonable approximation at 
stretch rates above 10 s". Bersted [1993] evaluated the assumptions made by 
Cogswell's analysis and proposed a refinement to it. These refinements resulted from 
the relaxation of the assumptions of power law fluid in shear flow, and the constancy 
of extensional viscosity above zero land length capillaries. 
3.6.1.3 Numerical Simulations 
The flow of viscoelastic polymer melts into 180* entry angled dies has been widely 
used as a test problem for numerical simulation code. This is because the problem can 
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be set up using a simple geometry, but the flow pattern observed shows large deviation 
from Newtonian flow. Since simplistic models such as power law and Maxwell model 
are inappropriate for this type of viscoelastic flow, constitutive equations are genemUy 
used to define melt behaviour. 
Initial numerical simulations were carried out using upper convected Maxwell and 
Leonov-type models, which encountered computational problems and a Emit on the 
Weissenburg number of melts which could be modelled. More recently, better results 
have been achieved using a simplification of the K-BKZ integral equation (Wagner 
[1976]). Kirialddis et al [1993] and Ahmed et al [1995] produced reasonable 
predictions of stresses and flow patterns in flows of linear polymers in planar dies. 
a 
Barakos and Mitsoulis [1995] obtained large vortex growths for LDPE flow through 
an axisymetric capillary die, and found extrudate swell through orifice dies (L: D = 0) 
to correlate well with experimental data. Pressures from simulations were used to 
calculate ends pressure losses (Bagley correction), which agreed in qualitative manner 
with experimental values. Dupont and Crochet [1988] also reported large vortices 
formed for LDPE through an axially symmetric die, and found good agreement with 
experimental observations for flow patterns. 
Olley and Coates [19961 reported an approximation to a K-BKZ based equation, 
which completely separated shear and extensional contribution to viscoelastic stress, 
reducing computation and complexity. The approximation was found to overpredict 
vortex size for an LDPE melt, and differences were found in the prediction of normal 
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stresses in regions of high shear. The method did however show significant benefits in 
processor time required to compute problems at high flow rates. 
In general, it is fair to say that although some success has been achieved in simulation 
methods to predict flow pattems and stresses, these methods are complex, time 
consuming and financially demanding. 7le existing simulation techniques using 
constitutive equations are some way from being directly useful in industrial 
applications, although more simplistic commercial simulation packages are available 
for the design of injection moulding tools and extrusipn dies. The understanding of 
how material characteristics affect entry flow behaviour is still not complete, and a 
proven material characteristic to predict flow patterns and vortex growth has yet to be 
agreed. However, advances in experimental techniques to measure stress fields and 
velocity profiles, and the refinement of simulation techniques point to the possibility of 
accurate prediction of viscoelastic flow in the future. The complexity of this seemingly 
simple flow problem should also be remembered when considering real processes 
incorporating much more complex flow. 
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3.7 Frocess Measurements 
In order to monitor the condition of a melt during processing, simple temperature and 
pressure sensors are generally used. Pressure measurements are usually made prior to 
the extrusion die or injection moulding nozzle, to monitor fluctuation in flow and 
pressure drop through the contraction. Extrusion pressure fluctuations have been the 
subject of detailed statistical analysis in order to detennine types and causes of 
fluctuations. Tadmor and Klein [1970] characterised pressure fluctuations 
encountered in extrusion systems by the frequency of the fluctuations and their causes. 
The first type of fluctuation was found to occur at the frequency of screw rotation, 
attributed to interruption in feed due to screw flights, and pressure difference between 
the leading and trailing edge of the screw flight. The second type of fluctuations 
occurred at intermediate frequencies and were attributed to solid bed breakup and 
instability in the melting mechanism. Costin et al [1982] found this to occur 
approximately every eight seconds. The final type of fluctuation occurred at low_ 
frequency, and was attributed to temperature change and feed fluctuation. 
Rauwendaal [1985] described a further type of variation at a higher frequency than 
screw rotation, attributed to melt instabilities in flow through the die, such as melt 
fracture. 
Pabedinskas and Cluett [19921 presented signal processing considerations in extrusion 
pressure measurement, after encountering pressure signal fluctuations in the analysis of 
an in-line wedge die rheometer (Pabedinskas [1991]). Pressure fluctuations were 
analysed in a single screw extruder at the screw tip and just before, the die (or in this 
case, slit rheometer). Spectral analysis was carried out using Fast Fourier Transfonns 
to estimate the power spectrum and distinguish individual fluctuations. It was shown 
that pressure fluctuations resulting from the extruder screw rotation may appear in the 
sampled pressure signal as a lower frequency fluctuation -a phenomenon known as 
aliasing. A combination analogue-digital filter was designed and implemented to 
reduce the phenomenon, and was found to have a potential application in process 
control. 
Stevenson [1989] studied process fluctuation in the operation of a complex extrusion 
line, consisting of two extruders to produce a two layered extrudate. Variables 
measured were pressure in both extruders, extrudate dimensions, line speed and 
tension, and extrudate surface temperature. Variations were separated into long term, 
short term and noise in order to identify cross correlation in signals. A statistical 
procedure was presented to identify the sources of the variations, and to compare 
expected to measured variations in order to identify unsuspected noise. 
Pressure measurements can also be made along the extruder screw barrel to determine 
a detailed profile of pressure build up, although this type of set up is generally used in 
research. Pressure transducers are nomially non-intrusive and mounted flush to the 
barrel wall. 
Temperature measurement is also important in polymer processing and has been the 
subject of many studies. Consistent quality and output is dependent upon the 
consistency of melt viscosity, which is itself largely dependent upon temperature. 
59 
Accurate melt temperature measurement and control is therefore a primary concern to 
processors. However, determination of melt temperature distribution in extruders or 
dies is difficult, as early studies such as that by Kim [1971] concluded. Traditionally, 
barrel and flush mounted thermocouples have been used to measure and control 
extrusion temperature, although these tend to measure metal rather than melt 
temperature. Extended thermocouples can give a better idea of melt temperature, but 
intrude into the flow, and the use of traversing thermocouples provide information 
regarding temperature distribution across the flow. More recently, infra-red 
temperature sensors have been used to give a non-intrusive measurement. These 
consist of an optical bundle with a high pressure sapphire window, through which 
infra-red energy is passed and converted to an electrical signal which corresponds to an 
average melt temperature. A detailed theoretical background of infra-red temperature 
measurement is provided by Czazasty [19941. 
Several studies have compared various temperature measurement methods in 
extrusion. Shen et al [1992] compared die wall, flush mounted, extended, variable 
depth and hand-held thermocouples with an infra-red sensor. The temperature probes 
were placed radially around the middle of a die, after a breaker plate in a single screw 
extruder. Results showed the die wall thermocouple correlated well with wall set 
temperature, and flush mounted thermocouples showed good agreement with wall but 
not melt temperatures. Extendible devices showed good correlation with the melt 
purge temperature measured with the hand held thermocouple on extrudate. The infra- 
red sensor was able to measure variation in average melt purge temperature and 
exhibited fastest response times, although the programmable traversing thermocouple 
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provided the 'most useful' information with respect to melt temperature at various 
points radial to the flow. 
Yazbak [1993] investigated melt temperature radially across extruder melt flow using 
a motor actuated thermocouple. It was found that for a HDPE, as screw speed was 
increased so does temperature gradient, but for LDPE, higher screw speed produced a 
flatter gradient. Yazbak concluded that by characterising temperature behaviour 
across the melt stream it was possible to maximise temperature uniformity and product 
qualiry. 
Czazasty [ 1994] presented results using an infra-red sensor in the nozzle of an injection 
moulding machine, and found it to be more accurate at tracking melt temperature than 
conventional nozzle thermocouples. Infra-red temperature measurements have also 
been used in injection moulding process control (Coates [I 994b] and Speight [ 1995a]). 
Process control is reviewed in section 3.10. 
More sophisticated measurements of melt homogeneity are also being developed, to 
monitor properties such as faler level, particle size and melt residence time. These 
incIude methods such as spectroscopic (near infra-red, Fourier Transform infra-red and 
ultra-violet), optical (light transmittance) and ultrasound techniques, the latter offering 
some possibility of sensing volumetric flowrate and density. Although useful, these 
techniques are currently extremely expensive. 
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Ultrasound has been used to measure on-line viscosity properties during extrusion, 
most noticeably by Gendron and Dumoulin [1993a], who cite standard on-line 
techniques as having the disadvantages that only a sample of the melt is actually tested, 
and that the sample itself will have an inherently different shear rate than that of the 
bulk of the melt. Ile authors claimed that the use of non-intrusive techniques can 
overcome these disadvantages. It was found that ultrasonic frequency varied as a 
function of apparent viscosity and molecular weight, and the method was able to 
differentiate between various grades of polypropylene with different melt flow rates. 
This was then extended to the polypropylene degradation process, and the work has 
also been applied to calcium carbonate filled polypropylene (Gendron and Dumoulin 
[1993b]). Residence time distribution has also been exan-dried using this ultrasonic 
technique (Gendron [1994]). However, it is known that the ultrasound technique 
requires very careful calibration and interpretation, because of the effects of pressure 
and temperature on the local density of the polymer melt and hence upon the 
ultrasound signal (Brown [19951). 
Chen et al [1995] used an optical technique to exan-dne residence time distribution in 
twin screw extrusion. Change in extrudate light transmittance was monitored by a 
photomultiplier, using a He-Ne laser light source and carbon black tracer. Effects of 
feed rate, screw speed and melt viscosity on residence time were determined. 
Bur and Wang [1994] used an optical sensor to transmit light from an injection mould 
cavity, using fluorescence spectrometry to monitor the onset of phase transitions 
during cooling of the molded parL 
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Stegler [1995] showed that an optical spectrometer could be used on-line to a reactor 
for the detection and qualitative deterniination of stabiliser inside a polypropylene. 
Reasons for the firnited use of spectroscopic techniques in processing include the high 
cost and delicacy of the techniques, together with the difficulty of interpretation of the 
signal. 
3.8 Process Rheometry 
The in-process measurements described in the previous section, although useful for 
monitoring purposes, provide little information about the rheology of the material 
being processed. The practical time lag in making rheological measurements on 
samples taken from the process and tested in a laboratory make it unsuitable for any 
real-time monitoring or control. For this purpose, process rheometers are used. 
Process rheometers make useful rheological measurements on a fluid directly in or at 
the process flow, and the data generated can be related to material characteristics such - 
as composition, molecular weight, viscosity or mixing. Process rheometers have been 
used in a number of applications, such as compounding, blending, reactive extrusion 
and recycUng. 
There are three points relative to a process at which rheological, measurements can be 
made: 
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3.8.1 Off-Line (Laboratory) Rheometry 
Process 
n Sample 
Figure 3.9: Off-line rheometry 
Off-line rheometry (figure 3.9) consists of testing samples. taken from the process in a 
laboratory environment. This method has the advantage that melt can be conditioned 
before testing, allowing test strain history to be known. Test conditions can be set 
accurately, and a large range of processing rates examined without disturbing the 
process. However, the inherent delay in maldng the measurements means this method 
is little use for changing process variables. Also, the time taken to heat the sample to 
test temperature can be a problem for polymers which degrade or crosslink easily. 
3.8.2 On-Line Rheornetry 
Process 
Rheometer 
Figure 3.10: On-line rheometry 
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Rheometer 
On-line rheometers; (figure 3.10) take a side stream of melt from the main process 
flow, usually by the action of a gear pump, and pass this to the rheometer. After 
rheological measurement, the sample is either returned to the process, or more usually, 
discarded as waste. Rheometers are generally of the capillary or slit type, with 
pressure drop being measured over a range of processing rates. Flow is generated by a 
gear pump - either the same one which extracts the sample, or an additional pump. 
On-line rotational rheometers have also been used - usually rotating cylinder types, 
which can measure viscoelasticity. 
Tests may be carried out in constant strain rate or constant stress (like an on-line MFI 
test) mode. Melt can be conditioned to a certain extent before testing, and a range of 
processing rates can be exan-dned without adverse effect on the process. The time 
taken for testing is a function of the complexity of the test, and to what extent melt is 
pre-conditioned, but can be as short as a few minutes. 
3.8.2.1 Review of On-Line Rheometry 
The subject of on-line capillary, slit and rotational rheometry has been well 
documented. Dealy [19931 reviewed many of the principles and designs currently being 
used at the time, and addressed the many inherent design problems associated with on- 
line rheometers. Dreiblatt [1987] also focused on the research and development of on- 
line technology for improved quality control of compounding. This cited the important 
process variables needed to be measured as throughput, melt temperature, viscosity, 
particle size and homogeneity, and moisture content. Standard side stream 
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slit/capillary rheorneters and oscillating types were discussed and the exarnple of a 
polypropylene vis-breaking process using an on-line oscillatory rheometer given. 
Results showed the instrument took about 10 to 15 minutes to respond to a change in 
MFI setpoinL 
Perhaps the most detailed analysis of a gear pump driven capillary rheorneter has been 
by Gottfert [1986,1991]. As early as 1986, the By-Pass Rheograph (BPR) was 
described - an example of the most basic type of capillary on-line rheometer (figure 
3.11). A single 2.5 nun capillary die was used and two linear low-density 
polyethylenes were tested for MR, the results being compared to a standard off-line 
MFI test. An excellent agreement was reported (within 3.2 %), although the single 
capiHary limited tests to shear viscosity measurements only, wid-dn a shear rate range 
of 50-300/s. The instrument could also be set to run in a constant pump speed mode 
as a periodic quality control test. 
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Figure 3.11: Gottfert By-Pass Rheograph 
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'Me Real Time Rheometer (RTR) is compared to the BPR (Gottfert [1991]). This 
instrument was designed to address the problem of long signal delay by the addition of 
an extra gear pump to provide a by pass stream around the capiflary, thus decoupling 
the sampling rate from the apparent shear rate. An improvement in the time taken to 
react to a change in the extruder input was found - one minute to detect and ten to 
track the complete change of a reactive process, compared to 13.5 and 80 minutes 
respectively in the case of the BPR. This design does, however, add to both the cost 
and complexity of the machine, and the question of whether the gear pump action has 
an affect on the rheology of the melt becomes increasingly important, although no 
discussion of this topic was included. 
Figure 3.12: Gottfert Real-Time Rheometer 
Similar work has been reported using the Rheometrics Melt Flow Monitor (MFM), as 
described by Blanch et al [1984]. This device (shown schematically in figure 3.13) 
was designed to lower the measurement delay by minimising the lengths of the 
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sampling lines. A slit rheometer is mounted on a flange inserted directly in an extruder 
so that the rheometer is located directly above. A second gear pump returns the sample 
to the extruder through a hole in the same flange. As the rheometer is close to the 
process, thermal conditioning of the melt is not possible, and software reduces the 
measured stresses to a reference temperature using an Arrhenius type of equation. The 
question of melt conditioning versus signal delay is of fundamental importance to the 
design of all process rheometers. The Melt Flow Monitor was reported to respond to 
a step transition in melt viscosity in times ranging from 15 to 40 minutes. 
Thd 
Figure 3.13: Rheometrics Melt Flow Monitor 
Durnoulin [1993] has also reported work using the MFM with the peroxide 
degradation process of polypropylene. Results from the instrument were compared 
with a mechanical spectrometer. Sweeps of shear stress versus shear rate were 
performed and process data was sampled every 5 or 10 seconds. On-line 
characterisations of shear viscosity for shear rates over 10 s-1, for the undegraded 
polypropylene, were within 5% of those obtained from an Instron. capillary rheometer. 
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In 'monitoring mode' - constant shear rate at 10 s" and 100 s-1 - the MFM was able to 
distinguish between various degradation levels. 
Xanthos [1994,19951 used the MFM to monitor the reactive compounding of two 
systems; a two-component impact modified polyamide and a three-component blend, 
containing PP, PA and compatibilizers. Results showed that it was possible to sense 
viscosity changes resulting from compatibilizing reactions, and a reasonable correlation 
was found from the on-line results to extrudate morphology, and mechanical properties 
of injection moulded samples. 
Morrow [1995] reported the use of a Kayeness on-line rheometer in the processing of 
four grades of PET, and an LDPE. Results showed an excellent agreement with a 
laboratory instrument in shear viscosity up to 1000 s" and that in continuous mode the 
rheometer could track changes in melt viscosity almost as well as a laboratory 
rheometer. 
Laney et al [1996] reported the use of a 'dual capillary' on-line rheometer, capable of 
measuring shear viscosity over a range of shear rates from 1.5 - 2400 s". The design 
incorporated a three-geared gear pump, which provided an equally divided output into 
I 
two cavities (figure 3.14). Each cavity contained a thermocouple, pressure transducer 
I 
and a capillary die. Ile rheometer was able to run in constant stress mode to generate 
MFI type measurements, or constant rate. Pump speed could be stepped up during a 
test through a series of speeds to provide a wide range of shear rates. Results were 
presented for a PE, PP, EVA, EPDM-type rubber and a HIPS material in shear flow, 
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and showed good agreement with a laboratory capillary rheometer. An orifice die 
capillary was also used to calculate extensional viscosity at a range of shear rates for 
the polyethylene and HIPS material, calculated using Cogswell's [1978] model for free 
convergence. 
Pressure 
Tranzduce7 
Capillary Die 
Figure 3.14: Schematic representation of the 'dual capillary' on-line rheorneter as 
reported by Laney [ 19961 
Gottfert [1996] presented an on-line rheometer designed to measure dynamic shear 
deformation. A gear pump was operated in dynamic mode, with a frequency of 0.1-10 
Hz to produce a sinusoidal flow defonnation. The osciUating stress response was 
measured in the capiUary reservoir by a pressure trarisducer, and the parameters G' and 
G" calculated. Results for a branched polyethylene were compared to a parallel plate 
rotational laboratory rheometer and found that both G' and G" showed lower values 
than the laboratory rheometer, and a more pronounced frequency dependence. This 
was thought to be a result of the different flow regimes built up in the two rheometers, 
and because of inaccuracies in the pressure drop measurement at low frequencies. 
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However, the instrument could be used in a qualitative manner, and it appears feasible 
that steady shear and dynamic shear flow tests could be practically carried out in 
sequence with the same experimental setup. 
Todd [1996] reported the development of a novel on-line rheorneter able to handle 
fluids which may not be tested in a gear pump driven slit or capillary on-line 
rheometer, such as, fibrous materials and solutions above their boiling point. The 
portable device consisted of a mini extruder with a helix in the barrel rather than the 
screw, to eliminate pulsation. The rheometer was fed by a slip stream directly from the 
extruder, pressure drop being measured across the helix flight, and shear strain rates 
generated by the motor speed. As the rheometer generated its own pressure during 
testing, melt could be fed back into the extruder or fed to another measurement 
process. Results were presented for three LDPEs at shear rates of 30-150 s"', and a 
good correlation between a laboratory capillary rheometer was found. 
Work concerning on-line oscillatory rheometry has also been reported. Turk [1985] 
compared the shear sensitivity of the (now defunct) Rheometrics On-Line Rheorneter 
(ROR) to a mechanical spectrometer and in-line slit die for three low density 
polyethylenes. 7be ROR was a real time, side stream oscillatory shear rheometer 
designed to measure the dynamic mechanical properties of polymer melts. Melt direct 
from an extruder was diverted into a side stream where it was introduced to a 
measuring head of concentric cylinder geometry. A smaH amplitude oscillatory 
motion was applied to the outer cylinder at a programmed frequency and amplitude, 
and the transient deflection of the inner rod was measured by a transducer. The work 
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concluded that the viscosity results produced by the slit die rheometer were around 
30% lower than that of the other two instruments, but ROR results showed good 
agreement with off-line values. Turk concluded that side stream on-line methods may 
allow a degree of relaxation not possible with the in-line die, allowing any shear 
modification effects to be minimised. 
Orwoll [1983] described the ROR in detail and reviewed many of the other on-line 
technologies currently being used at that time. Results for dynan-dc viscosity, elastic 
and viscous moduli were compared with results from an off-line dynamic spectrometer 
and showed a very good correlation. The time to detect a step change in viscosity was 
cited as around 15 minutes. Zeichner and Macosko [1982] also discussed the ROR in 
detail and compared results for polypropylene to those obtained from parallel plate 
laboratory rheometry. A good agreement was found in dynamic shear flow, steady 
shear flow and small amplitude oscillatory flow. Fritz [1986] has also presented work 
using the ROR for use in monitoring the polypropylene degradation process. A Werner 
and Pfleiderer ZSK 30 nun twin screw extruder was used as the basis of a control 
system for the manufacture of peroxide degraded polypropylene. ne instrument was 
used successfully to correlate polypropylene MW and MWD changes to the viscosity 
function, and a closed loop control algorithm was proposed. Ultsch [1990] used the 
nn 
RIOR together with an on-line infra-red spectrometer to monitor cross-linking of 
LLDPE and LDPE in twin screw extrusion, observing changes in complex viscosity 
with added peroxide level. 
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3.8.2.2 Review of Gear Pumps in Polymer Processin. - 
Gear pumps have been used for a number of years in generating flow for process 
rheometers, and although much has been written concerning this area (section 3.8.2.1), 
little work has been done to exan-dne flowrate accuracy and the effect of pump on melt 
characteristics, i. e. mechano-degradation and extra work input to the melt. 
Gear pumps have been used in polymer processing applications for over half a century, 
firstly by the fibre industry, and are now used in most spinneret lines. In the early 
1980's, gear pumps became popular as an aid to the extrusion process, and are now 
used extensively in most precision extrusion processes, such as profile, micro-tubing 
and cable. 
Rice [1980] investigated the "renewed interest" in the use of gear pumps for a wide 
variety of extrusion processes, and provided an introduction to the operation of the 
devices. Excess leakage and insufficient power was cited as a reason why many - 
applications for gear pumps had failed in extrusion. Improvements to the process such 
as improved uniformity and throughput were stated, and these were claimed to be 
unaffected by high viscosity materials, high temperatures or extruder pressure 
variations. Examples of a number of applications were given, in which pumps have 
enhanced process perfonnance; PET cast film, rigid PVC profile, PS foam sheet and 
LDPE wire and cable extrusion. In these examples viscosities of the materials ranged 
from 0.3 to 2 kPas, intake pressures from 20 to 70 bar, and pump output from 10 to 
180 cc/rev. Commercial models were also reviewed. 
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Mckelvey [1982) carried out laboratory studies of the gear-pump assisted plasticising 
extrusion process (2.5 inch NRM 'Pacemaker'). Four polymers were used in the 
experiments; an LDPE, HDPE, PS and ABS, and a detailed study of extruder 
performance at various conditions carried out. The pump was found to eliminate 
pressure fluctuations in output rate, although itself imparted a high frequency, low 
amplitude pressure pulse (up to 2%) , the frequency being dependent on number of 
teeth and speed of rotation. It was also suggested the design of extruder be modified to 
take advantage of the gear pump's stabiIising effect. Mckelvey [1984) later reviewed 
the performance of gear pumps in more detail, investigating both volurnetric capacity 
relationships and energy relationships for the pump. For volumetric relationships, 
flow was considered to be of plug type with an average speed passing through an 
annulus, allowing volumetric displacement to be calculated from gear and tooth 
dimensions. Pump leakage is dependent upon geometric tolerances and will always 
occur to some extent, dependent upon pressure gradient across the pump. Leakage 
was found to occur from 1% to 4% for the three polymers used. 
Walton [1984] investigated in detail the flow mechanisms when opemting a gear pump 
as a metering device for polymer processing, with the aim of providing analytical tools 
for the prediction of performance of a given design arrangement. ne capacity of the 
pump was considered analytically in terms of an ideal forward flow from which 
leakage flow must be subtracted. Leakage flow was considered to occur at two distinct 
points; between the gear tooth crests and housing, and over the end faces of the gears. 
A computer based iterative technique was developed for tooth crest leakage which 
calculated total flow rates and provided a pressure distribution profile around the 
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gears. A test rig was assembled to test the effectiveness of these analytical techniques, 
and although a certain amount of success was achieved, it was recommended that to 
ftilly understand the pressure distribution, a specially designed gear pump should be 
I 
constructed which allowed direct pressure measurements at various points in the pump 
housing. Leakage flows were found to be influenced by pressure across the pump, and 
pressure surges from the gear pump were found to be due to individual teeth meshing 
and from extruder pressure surges. For the polymers considered (LDPE and HDPE), 
elastic properties had only a small effect on the pressure rise in the pump, and a small 
temperature rise was measured across the pump, dependent upon pump output rate. 
This work is important because it provides the only study so far to attempt to calculate 
melt conditions arising at various points in the pump, and the load on individual gears 
for polymer melts (albeit analytical techniques). Similar work has been carried out on 
more conventional pumping fluids such as turbine oil (Yanada et al, 1987). Walton's 
work did not consider in detail the effect of the high pressures and shear strain rates 
encountered in the pump on the rheology of the material, although design 
modifications were suggested which would reduce the "shock to more delicate 
maten s 
Pham et al [1992] investigated the benefits of using gear pumps in single screw 
extrusion, and proposed a method for predicting the operational conditions of such a 
system. Tle experimental work of McKelvey [19821 was modelled using a model 
proposed by Bolder and Langhorst [1988]. Gear pump suction pressures were 
reasonably well predicted for LDPE and ABS and the relative benefits of the addition 
of a gear pump to an extrusion system was concluded to be material dependent. 
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Fox [1993] reviewed the use of gear pumps specifically for the compounding process, 
and reported the development of a computer program to (somewhat simplistically) 
model the power consumption and adiabatic temperature rise through a pump, 
assuming a power law model. This predicted a. rise of up to IYC for one design of 
pump, but without taking into account any heat being dissipated by the pwnp housing. 
Malloy and Young [19931 made in-line rheometry measurements on a gear pump 
assisted extrusion process. Leakage flows were taken into account when calculating 
shear strain rates, and meas=ment of output flow showed leakage flow to be around 
1% of theoretical output. Rheological results are discussed in section 3.8.3. 
3.8.3 In-Line Rheornetry 
Process 
ometer 
Figure 3.15: In-line rheometry 
In-line rheometers are installed directly into the process stream, as shown in figure 
3.15. Sample renewal is generated by the process flow and signal delay is extremely 
small. In-Une rheometers are usually of the slit or capillary die type, with two or more 
pressure transducers measuring pressure drop. These have the disadvantage that melt 
is tested at process conditions, so test temperature cannot be controlled. Processing 
rate is dependent on extruder throughput, hence only one processing rate can be 
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examined at constant throughput (a number of novel designs have evolved to 
overcome this limitation and are reviewed later in section 3.8.3.1). Signal output is 
inherently noisy, and rmy require filtering before analysis. Practically, in real 
production processes, few rheometers are suited to true in-line operation, although the 
very small signal delay makes real-time process control a possibility. 
3.8.3.1 Review of In-Line Rheometry for the Extrusion Process 
The use of in-process rheological dies has been widely reported in both reactive and 
non-reactive extrusion applications. As early as 1969, Han [1969] carried out work on 
a Killion K-100 single screw extruder to generate flow through a capillary in-line 
rheometer, connected to the extruder via a heated transfer pipe. Although flow was 
generated by the extruder, Han reported no pulsation was observed in the My 
developed flow through the rheometer. Shear rates of up to 500 s" were generated to 
study the steady shear flow, exit and entrance pressure drop effects in linear 
polyethylene and polystyrene at 200'C. Extrapolated exit pressure drops were used to 
calculate first nonnal stress difference values, which correlated well with shear rate. 
Melt pressure measurements in this design of rheometer were made using the hole 
pressure drop method in which a smaU pressure tapping is used to connect flow in the 
main capillary with the diaphragm of a melt pressure transducer located in a remote 
mounting gallery. This enables pressure to be measured without significantly 
disturbing the flow through the capillary, although problems with melt stagnation and 
hole pressure errors are encountered. This instrument typified the early development 
of in-line rheometers, which were basically extruder-fed laboratory rheometers. 
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Figure 3.16: Hole pressure measurement 
Han (1972] used the same capillary setup to investigate the effect of MW and MWD 
variation for various HDPEs and an LDPE on melt theology. The rheometer was 
shown to produce good results when compared to those obtained using an off-line 
rheometer. 
Han [ 197 1 a] also reported the measurement of rheological properties of HDPEs with a 
slit rheometer. The design incorporated an alurniniurn slot section with three pressure 
transducers mounted flush to the slot wall. The measurement of wall normal stresses - 
were used to determine rheological properties of the melts - melt shear viscosity (at 
shear rates of up to 300 s-1) from the slope of axial pressure profile and melt elasticity 
from the predicted exit pressures. Ile study found good correlation with results from 
a capillary rheometer and concluded the slit die to be a viable means of melt 
characterisation of viscous and elastic properties. 
Rawendaal and Fernandez [1985] carried out similar work using a slit die viscometer 
incorporating a design of 4 pressure transducers flush to the slot (although data from 
the transducer nearest the die entrance was ornitted in shear stress calculations as its 
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deviation from the linear pressure drop suggested that flow was not fully developed at 
this point). The die was fed with polymer from a Brabender single screw extruder 
followed by a Zenith HPB gear pump (which is the same as the melt pump 
incorporated in the on-line rheometer used in this study). A significantly lower 
viscosity in the melt was suggested from the in-line die compared to laboratory 
capillary rheometer data (between 20 and 50%), a result which was explained by the 
plasticising effect of the extruder. Exit pressure prediction was discussed, although 
the non-linearity of the pressure drop along the slot questions the validity of this 
method. The work also discussed in detail the effect of temperature and pressure on 
viscosity and melt compressibility. 
MaRoy [1993] incorporated a gear pump into the design of an in-line rheological die 
(capillary or slit), allowing a larger range of shear rates to be obtained (the rheometer 
sampled all of the process flow, hence the design may still be classed as 'in-line'). 
Two grades of polystyrene were used in the experiments, and good agreement with 
capillary rheorneter data was found, although the author conceded that due to the large 
effect of temperature on viscosity, that temperature control was a possible problem. 
Gear pump leakage was also investigated, and found to be constant for the materials 
in the temperature range used. 
ID 
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Figure 3.17: Gear pump driven slit die rheometer reported by Malloy [ 19931 
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Thermocouple 
There have been various attempts to develop a rheometer which is able to generate a 
higher range of shear strain rates without disturbing the process flow. Springer et al 
[1975] developed an in-line rheometer which facilitated a range of shear rates at one 
processing speed. This was achieved by the use of two flow channels making it 
possible to vary the flow in one and balance it in the other, so that for a constant 
extruder screw speed, the extruder pressure and operating conditions could remain 
stable during testing. Flow into each slot was controlled by valves. A major 
inconvenience of the set-up was that flow rate through each slit could only be 
determined by weighing its extrudate over a given time. Experimental results showed 
that apparent in-line shear viscosity results were consistently lower than those from 
laboratory devices, and this phenomena was attributed to shear history produced in the 
extruder. First normal stress difference was also calculated from prediction of exit 
pressure, and positive pressures were obtained, indicating the presence of melt 
elasticity. 
Pabedinskas et al [1991] sought to overcome the shear rate problem by the 
development of a novel in-line rheometer based on the flow of polymer through a 
wedge profile. This had the effect of increasing the shear strain rate along the length 
of the slit, although the convergence of the flow channel meant that flow was not 
viscometric and therefore both viscous and elastic effects were observed. The use of 
several pressure transducers allowed apparent viscosity deterniination over a broad 
range of shear rates (10-1000 s"). A 38 rnrn, single screw extruder was used with a 
controlled temperature transition zone before the die, in the processing of a range of 
degraded polypropylenes. Experimental results showed very good agreement with a 
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laboratory rheorneter for low viscosity materials, but for those with higher viscosities, 
values from the in-line device were significantly lower. 
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Figure 3.18: In-line wedge rheometer reported by Pabedinskas [ 199 1] 
Padmanabhan and Battacharya [1994] developed a slit and capillary in4ine rheometer 
designed to measure exit, hole and entry pressure to assess the feasibility of 
simultaneously measuring shear viscosity, first normal stress difference and extensional 
viscosity in single screw extrusion. A Brabender 19 nun single screw extruder was 
used to generate shear rates in the range of 40-700 sý', and extension rates of 1-30 s-1. 
Hole pressure was measured via a pressure transducer mounted at the bottom of a.. 
transverse slot (as opposed to flush with the slot wall). Entry pressure was 
determined from the difference between the pressure reading directly before and after 
entrance to the slot (at 180* entry angle). Two conunercial grades of LDPE were 
used and mass flowrate measured via collection and weighing of extrudate. 
Experimental results showed good estimations of shear viscosity when compared with 
steady shear and dynamic data from a rotational rheometer, although the values from 
the in-line rheometer were consistently lower than those of the laboratory device. 
This phenomenon has been reported in several similar studies and has been generally 
attributed to either shear modification or in-process melt temperature being higher than 
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the measured metal temperatures. First normal stress data differed from the 
extrapolation of cone and plate data, although the hole pressure measurement was 
closer. Extensional viscosities were estimated from the entrance pressure drops using 
the models developed by Cogswell [1971], Binding [1988] and Gibson [1983]. 
Results showed the analyses to exhibit similar trends, although with different 
magnitudes, and recommended Cogswell's model due to its simplicity. A suggested 
improvement to the rheometer design was to incorporate a gear pump into the system 
for better control of melt feed to the instrument. 
Broadhead [1993] developed a rotating drum in-line rheometer (figure 3.19) capable of 
generating a range of shear strain rates. Ile design incorporated a rotating drum 
mounted on a drive shaft, off-centre from the centre, of the die. A fraction of the melt 
entering the rheometer is drawn into a smaU gap between the drum and outer 
cylindrical wall. The shear stress acting on a small area of the outer wall is monitored 
by a novel shear stress transducer (Dcaly [1984]). A reasonable correlation with a 
sliding plate rheometer for shear viscosity was found for LLDPE and a polypropylene, 
although the instrument was found to have several limitations including large pressure 
fluctuations (up to I. MPa), temperature non-uniformity, and the occurrence of flow 
recirculation and entrance effects. A maximum shear rate of around 50 s'I was also a 
initing factor. The rheometer was found to have significantly lower response times 
than other designs (around 60 seconds), and its potential for process control was 
highlighted. 
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The same rheometeý was used by Dealy et al [1994], this time the instrument being 
operated in a dynamic mode. For rapid replacement of melt in the zone of controlled 
shear, flow simulations had indicated it would be advantageous to operate the 
rheometer in cyclic mode. The degradation of polypropylene (for tailored viscosity) 
on a twin screw extruder was used to assess the response time and residence time, and 
it was found that the instrument has a dead time of about 6 seconds, and a first order 
time constant of less than 15 seconds. Chen at al [1995] examined the effect of using 
the same in-line rheometer on process residence time distribution. This work 
concluded that the in-line rheometer had a significant effect on the residence time, and 
that the mean residence time in the rheometer was comparable with the extruder itself 
under normal operating conditions. 
Figure 3.19: In-line rotational rheometer reported by Broadhead [ 1993] 
Work has also been carried out in the use of rheological slit dies in twin screw 
extrusion. Fleming [1990,1993] designed a modular slit die with replaceable inserts 
to provide a range of shear rates, incorporating three pressure transducers to 
investigate the reactive crosslinIcing of polyethylenes. The rheometer was used in 
conjunction with an APV MP2030 (co-rotating 30 rmn twin screw extruder), firstly to 
evaluate the rheological behaviour of an unmodified LLDPE, and then for the peroxide 
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Shear Stress 
Transducer 
cross-linking of LLDPE. Good agreement with laboratory rheometry was found, and 
evidence of reaction observed from real time variation in rheological parameters from 
the in-line measurements. Brown [1994] later used the same rheometer and extruder 
in studies of reactive degradation of polypropylene, showing sensitive dynamic changes 
to peroxide incorporation and peroxide levels. 
In a non-reactive application, Woodhead [1993,1995] also used a modular slit 
rheometer on a Betol BTS40 40 nun twin screw extruder to investigate the 
degradation of an LLDPE, using shear viscosity and first nomial stress difference 
through exit pressure drop. Shear flow power law parameters n and k showed good 
agreement with off-line data. Batch to batch variations were detected by the in-line 
die consistent with a laboratory rheometer, and evidence of degradation was found. 
In-line melt shear viscosities were normalised using an Arrhenius type of equation to 
compensate for temperature effects. Woodhead also studied in-process melt index 
type measurements, using a bleed flow from the extruder. A new six-sensor slit 
rheometer die has since been used to study the extrusion rheometry of Med polymers 
(Coates [1996a]). 
A similar rheometer design has also been used to monitor and control the gelation 
levels in UPVC compounding by Rose et al [19951. A single screw extruder was used 
to feed the in-line die, and then results were compared to those from off-line 
characterisation of unplasticised PVC. It was observed that in-process results were 
capable of being used to accurately predict the gelation level, and an algorithm for real- 
time closed loop control based on melt temperature and pressure, and screw speed was 
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developed. This is the only reported use of a process rheometer to test PVC, although 
this is a huge industry which, due to the, complex nature of PVC gels would gain 
significant advantages from making in-process theological measurements. 
3.8.3.2 Review of In-Line Rheometry for the Injection Moulding Process 
Although the work reported in this thesis was carried out in the extrusion process, it is 
useful to consider parallel developments elsewhere in the polymer processing industry, 
where rheological measurements are made in-process. Injection moulding is a non- 
steady state process, which clearly raises difficulties for viscometric measurements. 
However, the use of injection moulding machines as rheometers to obtain high shear 
rate data, e. g. for numerical modelling programs, is increasing: such measurements 
normally use 'air shots', i. e. the machine replaces the plunger in a capillary rheometer. 
Actual in-process measurements are not normally viscometric, but are of increasing 
commercial importance. 
a) Nozzle Rheometers 
There has been a considerable activity in the field of in-line rheometry for injection 
moulding. One reason for this is that melt viscosity is one of the most likely routes to 
achieving closed loop process control. In-line nozzle rheometers have been widely 
used to investigate pressure and temperature change through various geometries. 
Sharp [1986] used the nozzle, runner, gate and two pressure =sducers for the 
analysis of thermoset injection moulding, mainly for amino resins: off-line rheometry 
does not produce consistent data for thermosetting (or most time-temperature 
dependent materials), so in-line rheometry appears to be the only route to obtaining 
accurate rheological data for such materials. 
Gibson [1985] used a single melt pressure transducer located in a modified nozzle for 
in-line capillary rheometry for DMC injection moulding. ne instrumented nozzle 
facilitated die inserts held in a temperature controlled bolster, and clamped between 
the platens of the press. Dies of 4.4 mm bore diameter and 45" entrance senii-angle 
were used, with capillary length to radius ratios varying from 0 to 37: 3. During 
injection, at various speeds, die entry pressure and screw movement were recorded, 
allowing shear flow and entry pressure characteristics to be calculated in the shear 
strain rate range applicable to injection moulding (103 _ 104 s"). Temperature 
dependence of flow behavior was corrected by an Arrhenius relationship. Results for 
bulk moulding compound showed flow in convergent dies could be described by an 
approach sirrilar to that proposed by Cogswell [1971], and that extensional flow 
dominated entry pressure measurements. Shear flow of the DMC was found to be 
non-Newtonian with power law index of 0.5 - 0.6. 
MaUoy et al [1989], and Ross et al [1990] have described work carried out on an in- 
line nozzle rheometer. Ile pressure differential between three melt pressure 
transducers located in a constant bore nozzle were used to calculate melt shear 
viscosity for the primary injection phase. The reciprocating screw of the moulder 
generates flow through the nozzle, and flow rate data is obtained by monitoring 
screw/injection ram position. Positioning of the transducers directly in the nozzle 
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eases the need for entry corrections. Work carried out on temperature and pressure 
effects on viscosity of a PBT concluded the method to be an effective tool for 
generating shear viscosity data and perfomýing melt quality tests. 
Atluri et al [1990] used the same method to carry out a similar study of a flame 
retardent ABS polymer. A viscosity model was again developed (viscosity as a 
function of pressure, temperature and shear rate), and the viscosity used as a quality 
parameter during the moulding process. 
Sukanek and Campbell [19901 utilised a nozzle melt pressure transducer and infra-red 
melt temperature transducer at the nozzle inlet for rheological studies, and Dontula et 
al [1991] showed a schematic diagram of the modified nozzle. 
Martyn [1995] made rheological measurements in the nozzle of an injection moulding 
machine by measuring pressure drop across a series of capillary dies. A range of coni- 
cylindrical convergent capillary dies (20 to 90" semi-angle) with L: D ratios of 16: 1 and 
-0 were used in the nozzle of a Cincinnati Milacron ACT'30 injection moulding 
machine to examine convergent flow at high shear rates. The geometry of the capillary 
die contraction ratio duplicated a laboratory capillary rheometer (Rosand RH7) test 
geometry so a direct comparison could be made - very good agreement was observed 
between the two techniques. 
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b) Hydraulic Pressure Measurement to Infer Melt Characteristics 
Several methods have been developed to try and measure or monitor melt pressure 
without disturbing melt flow. Bader et al [1991] used two piezoelectric transducers 
located radially and tangentially to the cylinder head of an injection moulding machine 
to measure pressure indirectly, withotit the sensors having to come into contact with 
the melt. This method was used in conjunction with a 240 nun long capillary equipped 
with three transducprs along its length to detennine melt viscosity. Melt viscosity of a 
liquid crystalline polymer was monitored during a series of process variations. 
Reynolds [1992] developed a monitoring system which utilised a hydraulic pressure 
transducer located on the screw motor hydraulic line. This method is based on the 
theory that the force required to tum the screw and the time required for the screw to 
return during the screwback sequence was an indirect measurement of the flow 
characteristics of the melt. After each screw turn cycle, the measured hydraulic 
pressure used in turning the screw and the time required to return the screw were - 
recorded and compared to previous values, allowing a viscosity trend to be recorded. 
A re-ground polypropylene was used in experiments in which the temperature was 
changed and material melt viscosity monitored. 
Speight et al [1991,19931 carried out extensive work into injection moulding in- 
process measurements and process control on a 60 tonne Sandretto machine. 
Measurements of melt rheology during injection were initially carried out with an 
instrumented capillary die nozzle rheometer, in which pressure drop across the 
capillary was measured with a melt pressure transducer. The relative sensitivity of 
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infrared nozzle melt temperature, nozzle melt pressure and hydraulic injection pressure 
measurements were shown to be strongly dependent on the rheology of bulk and 
engineering polymers. Good agreement between off-line capillary rheometry and in- 
line nozzle rheometry using this equipment for polyacetals and HDPE were reported 
by Coates et al [1994a]. Hydraulic pressure integrals were found to be capable of 
detennining melt viscosity with a typical accuracy of ++-0.3%, and hydraulic injection 
pressure sensors were shown to have at least equal sensitivity to polymer viscosity 
variations, compared to nozzle melt pressure sensors. These real-time, in-line 
measurements were shown to provide a sensitive assessment of variation in the 
process. Specific process variable integrals for the prirnary injection and pacldng 
phases also provided good correlation with product quality (Coates [1995a]). A 
process parameter described as the PTI 'pressure-temperature-interacdve' viscosity 
index derived from both infrared melt temperature and hydraulic injection pressure was 
developed. This was shown to be sensitive to material variation, independent of 
polymer rheology, and of a robust, non-intrusive design (Speight [1995a]). Data_ 
capture and analysis hardware has been developed to a commercial level, based on this 
technique (Polymer Insights [1995)]. 
c) Rheometers for Reaction Injection Moulding (RIM) 
Attempts have also been at making process measurement in the reactive injection 
moulding process (RDA). Process sensors are useful in detecting the change in physical 
properties of a reacting mixt= as it polymerises - in a reactive system, measurements 
at processing conditions are particularly useful. 
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Cross et al [1985] compared the behaviour of polyol/glass slurries at low shear rates 
(below 200 s") in a cone and plate type viscometer and at high shear rates (up to 
100,000 s") with a capillary rheorneter attached to a smaU RIM machine, noting 
changes in behaviour that are apparently rate dependent over this range. Coates et al 
[1987] described a similar capillary rheometer achieving apparent wall shear rates of up 
to 100,000 s-1, directly fed from a RIM machine, and used to examine the behaviour of 
both isocyanates and polyols, using the results to draw inferences about the initial 
behaviour of rnixtures of reagents. Blake et al [1987] used a laboratory scale RIM 
machine to feed a wide-gap Couette geometry constant stress rheometer, in the 
measurement of slower reacting systems. 
Perry [19821 and Perry et al [1985] described a system where the RIM process is split 
and one stream directed into a rheometer as the shot happens, the measured portion 
having a common process history until the point where the stream splits. A parallel 
disc rheometer was built onto a plenum chamber fed from a bench scale RIM n=hine. 
The plenum chamber is used to prevent the rheometer being filled with off ratio 
material from the beginr6ng of the shot. The viscosity change during polyurethane 
RIM was examined. 
n.. Ryan et al [1989] designed an in-line modular rheometer which fitted between the 
mixhead and mould, and was used to examine the rheology of RIM reagents under 
working conditions. Tucker [1994] carried out further work using this instrument 
during investigation into process control. 
3.9 Design Considerations for Process Rheometers 
Dealy and Broadhead [1993] list the main requirements for process rheometers: 
9 The device must be robust, require little maintenance, and be able to operate under 
process pressures without leakage. 
* The rheometer should not interfere with the process or induce melt degradation. 
9 The output should be related to an easily defmable theological property, such as 
viscosity. 
9 Delay time should be kept to a minimum For control purposes, less than a tenth of 
the characteristic time of the process. 
9 Stress has to be measured at a steady and controUed strain rate (or vice-versa). 
* Test conditions need to be accurately known (melt temperature, flow rate etc. ). 
e The sample must be representative of the main flow. 
Rheometer Delay time Melt conditioning Processing range 
Laboratory 
(off-line) 
0.5 hrs very good high 
On-line 2 mins good high 
In-line Z: instant poor low 
Table 3.1: Comparison of process rheometers 
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3.10 Rheometers for Frocess Control 
In any polymer processing application, it is desirable to improve productivity, and 
process control is a useful tool to achieve this. Extrusion process control has lagged 
development in injection moulding due to the higher added value associated with 
injection moulded parts, but recently interest in extrusion process control has 
increased. The most easily implemented way of achieving process control is by using 
barrel temperature, screw speed or haul-off. Control variables range from melt 
pressure to extrudate dimensions, but for applications such as compounding or reactive 
extrusion, a rheological control variable may be more desirable. This can be achieved 
by using an in-process rheometer. Research has highlighted the potential of using such 
methods to detern-dne the state of the process, and for use in a trend analysis for 
predictive control purposes. However, further challenges lie in directly correlating 
real-time process variables to product quality, developing suitable algorithms and 
identifying time variation of relevant extrusion process variables. 
3.10.1 Review of Extrusion Process Control 
In recent years there has been an increasing recognition by extruder manufacturers that 
computer control of extrusion lines is important to improve quality. The most easily 
implemented control systems, such as barrel temperature control using PID or 
modified PID computer control are now relatively standard. In some instances, 
specific product parameters are used as the c. ontrol variables, such as extrudate 
dimension. However, true process control for extrusion does not yet exist, and one of 
the channels being pursued to achieve this is using process rheometry as a control tool. 
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Several reviews of extrusion process control have been published. Coates [1994b] . 
focused upon some practical aspects of extrusion control, in particular in-process 
rheological measurements on polymers and their potential for use in closed loop 
process control. Process variable measurements for use in process control were 
discussed, and it was proposed that any machine or process variable which can be 
shown to correlate directly or indirectly to quality measurement cquld form the basis of 
a control strategy, or at least provide a useful monitor of the process. Coates [1995b] 
also reviewed the global aspects of process control in both extrusion and injection 
moulding. 
Coates [1994b] and Rose et al [1995] reported the use of an in4ine rheometer die to 
control gelation levels in UPVC compounding. Flow behaviour was measured in-line 
to correlate process measurement with laboratory assessment of gelation level. 
Machine variables screw speed and screw torque, and process variables melt pressure 
and temperature were monitored, and algorithms obtained by Rose [1988] for steady 
state and transient opemtion. 
On-line rheornetry has also been used to attempt to control the extrusion process. 
Dumoulin et al [ 1993] used a commercial Rheometrics Melt Flow Monitor to control a 
polypropylene degradation process. The rheometer, run at a constant shear strain rate 
of 100s", had a lag time of 4.0 minutes. Both servomechanism-type (setpoint change) 
and regulation (load change) situations were investigated, using a digital PI controller. 
The process was upset by an input of calcium carbonate, and it was found that a 
settling or response time of 22.5 min resulted, with an oscillation time of 12.5 min. 
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Chapter 4 
Experimental Equipment and Materials 
Introduction 
'Ibis chapter provides details of the experimental equipment and materials used to carry 
out the experimental work. lie design of the prototype rheorneter is described in 
detail, and the modifications made for the purposes of this research are highlighted. 
The off-line capillary rheometer and in-line rheological slit die used are also described, 
as is the twin-screw extrusion line, instrumentation and data acquisition system. The 
polyolefms processed are specified, and their properties and typical applications 
provided. 
4.1 On-Line Rheometer 
The Rosand On-Line Rheometer is a prototype capillary rheometer designed to 
measure the rheological. properties of a polymer melt at some point in the production 
process. Melt is abstracted directly from the process and ftill melt characterisation is 
carried out automatically for on-line quality tests or for control purposes. 
Ile gear pump driven device is controlled by a dedicated personal computer on 
which tests are set and data is collected and processed. A precision melt pump 
provides flow at known volumetric flow rates and pressure drop across a capillary die 
is measured. S=dard capillary rheometry techniques (see section 2.4.3) are used to 
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calculate rheological data. The instrument also features an electro-pricurnatic die 
changing mechantim, which allows capillary die inserts located in a block to be Cý C 
mo,,,, ed laterally underneath the rheometer barrel. This allows multi-die tests to be 
carried out. and hence provide a vvider range of rheological data. 
Figurc 4.1 ý Rosand On-Line Rheometer corincacd to the twin-screw extrusion line 
4.1.2 Mechanical Design 
4.1.2.1 Overview 
The rheometer is connected to the process via a flanged T-plece, and a heated transfer I 
pipe cames melt to the gear pump. NIelt is then pumped into the main rheometer I 
block which houses the barrel, pressure transducer and capillary die block-. The gear 
pump drive system and gearbox is located on the opposite side of the rheometer to the 
extruder. The melt pressure transducer is flush mounted to the side of the rheometer 
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barrel, just above the entrance to the capillary. On exiting the capillary, melt is then i Z: ' 
discharged as waste. Figure 4.2 shows a schematic diagram of the rheometer. 
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Figure 4.1 On-line rheometer T-piece connector 
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4.1.2.3 Transfer Pipe 
Melt is carried to the main rheometer block by a heated transfer pipe, which is 
connected to the T-piece at one end, and the rheometer block at the other by a raised 
flat sealing face. The transfer pipe was re-designed to provide improved sealing (after 
initial problems), and to facilitate sensors along its length. 'Me melt channel through 
the transfer section is rectangular in cross section (10 x4 nim) to provide improved. 
heat transfer and therefore better melt temperature conditioning. 
Melt 
Channel 
c -4 
Figure 4.4: Cross section of the transfer pipe 
The transfer pipe is constructed from two pieces, for ease of production and to 
facilitate cleaning. The melt channel is recessed into one half of the pipe to reduce the 
sealing area, and the two halves are bolted together at temperature using twenty M8 
bolts. Ilie transfer barrel is heated by three twin heater bands (2 x 300 W), separately 
controlled by the rheometer software. Platinum resistance thermocouples are used to 
measure metal temperature, located in holes at the midpoint of each temperature zone, 
the tip being 6 mm from the melt. These are held in place by a sprung bayonet 
assembly. 
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Three sensor ports have been machined into the pipe, flush mounted to the melt 
channel surface. These have been designed for the use of Dynisco pressure 
transducers, infra-red temperature sensors and traversing melt thermocouples which 
have a half inch (12.7 nun) UNF thread and 0.307 inch (7.8 nun) measurement face. 
'Me positions of these sensor ports along the length of the transfer barrel is shown in 
figure 4.5. 
Melt Channel 
Extruder 
Figure 4.5: Melt sensor port positions 
To Cear 
Pump 
One port was designed close to the rheometer block in order to monitor melt condition 
on entry to the block and gear pump. When not being used, the ports are closed with 
'blank' sensors. 
4.1.2.4 Rheometer Gear Pump 
Ile melt pump is central to all rheometer measurements because is it used to generate 
melt flow. The accuracy of metered flowrate determines shear strain rates at which 
pressure drop (and hence rheological) measurements are made. 7be pump is a Zenith 
H-series precision high-temperature metering pump, with a 0.584 cc/rev capacity. 
These pumps have been used since the 1930's in Dupont nylon spinning lines, and have 
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successfully been used for a number of years in rheometers such as the Rheometrics 
ROR. A photograph of the pump is shown in figure 4.6, and a schematic diagram of I ltý 
its operation in figure 4.7. 1 
Figure 4.6: Rheometer gear pump t: l 0 
Front View Side View 
00 
Locating Holes 
Shaf t 
Figure 4.7: Schematic diagram of the rheometer gear pump Cl CD 
The pump consists of two gears rotating in mesh within a closely fitting housing., 
compromising of three plates. Power is transmitted to the gears by a drive shaft, 
which has a universal seal coupling. The pump is constructed of high quality tool and Z) 
die steels and other high performance alloys, which are tempered after heat treatment. 
The grades used are chosen so that their expansion properties are complementary so 
the pump can operate at a range of temperatures. 
99 
Fluid enters the pump through a port in the rear side plate (opposite the drive shaft). 
Melt fills the exposed gear tooth volumes and is transported around the outer diameter 
of the gear pocket. As the gears mesh together, melt is displaced in a very precise 
amount and displaced through the discharge port next to the inlet. The pump operates 
in a 'flooded suction' mode, i. e. a minimum inlet pressure is necessary, and operation 
without this pressure results in dmnage to the pump. The pump also relies on melt for 
lubrication of internal bearing areas, which could be damaged if the pump is run dry. 
Pump Housing 
Inlet 
Figure 4.8: Schematic representation of gear pump operation 
In any gear pump design, some inherent leakage will occur across the face of the gears, 
from the high pressure side to the low pressure side. Ile amount of leakage is 
dependent upon melt viscosity, pump speed, differential pressure drop and pump 
clearances. Under nonnal operating conditions, this slippage is repeatable and 
predictable, so the pump is designed to compensate for this. 
The gears used in the pump are true involute, with a pitch of 28/32, and each gear has 
26 teeth. Typical clearances between the gear teeth and pump housing are around six 
n-dcrons. When inlet and outlet pressures are equal the pump behaves ideally, i. e. 
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provides 0.584 cc/rev exactly, but even when a differential of 200 bar exists, the pump 
runs 99.9% efficiently. Graphs of estimated pump efficiency with two polymers used in 
this study is included in appendix A, together with graphs of estimated temperature rise 
of the melts through the pump, and detailed pump specifications. 
4.1.2.5 Gear Pump Drive 
The melt pump is powered by a3 Nm drive motor with maximum speed of 3000 r. p. m. 
A 25: 1 gearbox is used to match motor speed with pump speed range, and power is 
transferred to the melt pump via a shaft. Two shafts are joined by a coupling, to 
protect the melt pump from minor axial shifts. A diagram of the pump, motor and 
gearbox arrangement is shown in figure 4.8. 
Coupling 
Transfer 
Pipe 
I Fý 
Bxtruder N 
Connection Gear Pump 
Motor 
Rheometer I 
Block Gearbox Rheometer 
Casing 
Figure 4.8: Melt pump drive arrangement 
To independently monitor the speed of the motor, and hence melt flow rate generated, 
a digital encoder is used -a 500 pulse wheel and quadrature arrangement attached to 
the motor shaft. This provides a signal which is fed back to the controlling software, 
allowing set pump speed and measured pump speed to be displayed. 
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4.1.2.6 Rheometer Main Block 
The rheorneter block is the piece of the instrument in which rheological melt 
measurements are made. Melt from the transfer pipe flows through the block into the 
gear pump, and is then forced down a barrel through a capillary. The block houses the 
capillary die block and pressure transducer, and a schematic diagram of the rheometer 
block design is shown in figure 4.9. 
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Figure 4.9: Design of rheometer main block 
The block is bolted to the transfer pipe and gear pump, and a raised flat seal ensures 
sealing at high pressure. Three separately controlled temperature zones are heated by 
six cartridge heaters located in the block, and platinum resistance thermocouples 
monitor metal temperature close to the melt flow. Two access points to the melt allow 
removal of degraded material if required, one before the melt pump and one 
afterwards. Removal of a nut on top of the block facilitates barrel cleaning. 
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4.1.2.7 Rheometer Pressure Transducer 
The pressure transducer port is located in the rheometer block, flush with the barrel 
wall and just above the entry to the capiUary. The port is designed for the use of 
Dynisco PT 422A melt pressure transducers, which have a half inch U. N. F. (12.7 nun) 
thread and a measuring diaphragm diameter of 7.8 nun. The transducer consists of a 
strain gauge housing connected to a rigid stem by a flexible section. A diaphragm in 
contact with the polymer melt transmits pressure to a Wheatstone bridge in the 
transducer body via a mercury-filled capillary in the transducer stem. The flexible 
section allows the transducer body to be located away from high temperature areas, 
thus reducing the effects of heating on the strain gauges. lbe transducers have a stated 
response time of 10 ps, a nuximurn operating temperature of 400*C, and are designed 
to withstand over-pressurising by 100%. The stated repeatability is ±0.1% with a 
combined error of ±0.5% of measured pressure. Ile transducer range used in the 
rheometer is chosen to suit the specific application, as pressure generated in the tests is 
dependent upon melt viscosity, capillary die geometry and melt flow rate. Transducers 
with ranges 0-1500 p. s. i. and 0-5000 p. s. i. were generally used in this work. 
Calibration of the pressure transducer is carried out automatically using an integral 
reference resistor built into the transducer housing. This provides an 80% of full scale 
signal, allowing the rheometer software to carry out a linear calibration between 0 and 
80% f. s. d. 7be pressure measurement technique was modified to provide independent 
monitoring of the transducer output without being conditioned by the on-line 
rheorneter, and this is described more fully in section 4.5.1.1. 
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In order to protect the transducer diaphragm during changeover, a locldng nut 
assembly is used. This consists of a shoulder which fits onto the transducer thread, and 
a locking nut which screws into the rheometer block. This allows the transducer to be 
removed without the need to unscrew it directly, thus protecting the diaphragm in 
cases where polymer is not completely molten. 
le 
Figure 4.10: Pressure transducer locking nut system 
4.1.2.8 Capillary Die Block Design 
Capillary dies are housed in a die block, incorporating up to six capillaries, either' 
machined into the block, or in the form of inserts. The block is made from hardened 
tool steel, and can be moved laterally undemeath the rheorneter barrel automatically, 
allowing more than one die geometry to be used in a test. In order to maximise the 
flexibility of capillary geometries allowed during tests, a block was designed to 
incorporate both rnachined-in long dies and recesses for short or orifice dies in the 
form of inserts. This consisted of three long capillaries of geometries 16 x1 mm bore, 
32 x2 nun bore and 38 x3 nun bore, and three twelve millimetre deep holes for short 
die inserts. 
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Figure 4.11: Rheometer capillary die block tý, 
01 02 0 0-, 
Lj [ii rt rH Side View 
Figure 4.12: Capillary die block allowing inserts 4: ) 1-) 
4.1.2.9 Die Block Changer Mechanism 
Front Výe, w 
The die block is clamped in place below the rheometer barrel, and indexed electro- 
pneumatically. A clamp cylinder (of wide cross section to provide large forces) CD 
operates a lever and a wide threaded shaft to hold the block in place. This has two 
states: clamped and released. When the clamped is released, the block can be 
manually removed for cleaning or to change die inserts. zD 
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The die changing mechanism consists of two cylinders acting in sequence. A 
connecting cylinder couples to the die block via an index pin on the end of its actuator 
arm, which locates into a channel in the side of the die block. This is unconnected in 
its normal state. The block is indexed by a third 'motion' cylinder which moves the 
connecting cylinder (and hence the die block) forwards or backwards into its required 
die position. Grooves in the opposite side of the die block aid positioning by locating 
onto a ball bearing. Ile block indexing action can be activated autornatically during a 
test, or manually via the PC software or a keypad on the front of the rheometer. 
Clamp Cylinder 
11 ýA Connect 01 Cylinder 
01 71 
10 
1 
0 0 mo 
Die Block 
Figure 4.12: Schematic diagram of the die-changer mechanism 
4.1.3 Electrical Design 
A brief overview of the electrical/electronic design of the OLR is now given, 
highlighting the aspects important for accurate rheological measurement: temperature 
control, melt pressure measurement and gear pump drive and control. 
106 
4.1.3.1 Power Supply 
The machine is powered from a three phase supply providing 500V and 30 amps, and 
separate use is made of the three phases. One phase supplies the motor drive (150V 
DC) and pneumatic valve actuators (24V DC), and is switched in via a soft start to 
protect the transformer, which is designed in excess of present motor power 
requirements to allow further modification. A second phase powers the fourteen 
heater elements which provide temperature control along the polymer path. The third 
phase powers the main electronics rack, which requires a clean supply to provide 
precise voltages to control motor speed and measure pressure transducer and PRT 
readings accurately. To maintain a clean supply, the main electronics rack has its own 
transformer. 
4.1.3.2 Main System Control Processor (CPU) Card 
The CPU card has overall control of the rheometer. All commands pass through the 
CPU card and, where relevant, are passed on to the motor, pressure or temperature 
control cards via an internal RS 422 line. ne CPU card drives the front panel display, 
indicator LEDs, alarm contactors and pneumatic control valves. It is also responsible 
for communications with the external PC via an RS232 serial link. 
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4.13.3 Temperature Control Card 
The on-line rheometer has six separately controlled temperature zones - three along the 
length of the transfer pipe, and three in the main rheometer block. Two multi-channel 
temperature (MCT) control processor cards are used to control the six zones - four on 
one card and two on the other. Each multi-channel control processor card contains a 
precision analogue to digital converter which converts the signal from the platinum 
resistance thermocouples into temperature readings. Each channel resolves 
temperature ranges from 0-500*C and temperature is calculated to two decimal places. 
The MCT cards use a continually self-calibrating mechanism which utilises, two 0.01% 
resistors to provide reference temperatures. 
Each temperature channel uses its own independent proportional integral derivative 
(PID) temperature control loop. Ile PID process is tuned via a set of parameters in 
the controlling software. These tenns are factory tuned to a quoted accuracy of widiin 
±0.5"C (typically 0.10C) of set temperature with a settling time from cold start of less' 
than 30 ninutes. 
Multi-channel solid state relay cards are used to power the heaters, each with a 
maximum capability of four channels. Each of these cards consists of a solid state 
relay, separate fuses and LED to indicate status. The solid state switching devices 
incorporate zero crossing circuitry so that mains interference as the heaters are pulsed 
on and off is minimised. 
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4.1.3.4 Motor Drive Card 
An 3 Nm motor is used to drive the melt pump incorporated in the rheometer and a 
motor drive card unit designed specifically for its control is used. This contains 
analogue closed loop speed control with over-load and over-current protection. The 
card uses a variable pulse encoder drive and an internal fitted tachometer to provide a 
feedback loop to control the speed. 
As a reference feedback, a completely independent shaft encoder mounted on the 
motor shaft is used. This quadrature encoder provides two thousand counts per 
revolution, which with the 25: 1 gearbox produces ffty thousand counts per melt pump 
revolution, allowing accurate detem-dnation of a wide range of pump speeds. 
4.1.3.5 Pressure Sensor Input 
As pressure measurements made in the rheometer determine the eventual rheological 
properties, accurate pressure measurement is of fundamental importance. Analogue 
pressure signal is input to a processor card, and readings taken eight hundred times per 
second with averages are compiled on 10 gs and 160 ms basis. The fast response (10 
ps) value is used intemally to halt the motor in the case of pressure overload, and the 
slower response (160 ms) value passed to the CPU card. The pressure resolution at 
the analogue to digital converter is twelve bit (unipolar), with dedicated hardware to 
pr6vide offset voltage subtraction and variable pre-scale gain. 
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During a test, the rheometer uses equilibrium pressures and its sample rate varies with 
the shear strain rate being produced in the test, but does not exceed a rate of 2 Hz. 
Thus the 160 ms value which the PC uses during a test represents an averaged value 
based on 128 actual pressure readings with the result that noise problems are 
rrinimised. 
Calibration of the pressure transducer is carried out automatically using an integral 
reference resistor built into the transducer housing. This provides an 80% of full scale 
signal, allowing the rheometer software to carry out a linear calibration between 0 and 
80% of f. s. d. 
4.1.4 Software 
Rosand software running on a dedicated PC is used to monitor current process state, 
set-up and run tests, record test data and calculate rheological results. 7be software is 
run on an AST 286 computer connected to the rheometer by an RS 232 serial link, and 
the main software screen is shown in figure 4.13. The program is run from DOS and is 
menu driven to allow ease of operation. The main functions of the program are as 
follows: 
e Defining test specification - this allows the type of test to be specified (e. g. single or 
twin die), and the processing rates at which each test should be carried out. Rates 
are input into the software as shear strain rates and a maximum of eight stages are 
permitted. Material information may also be input at this point. 
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Defining current rheometer set-up - this allows the user to specify which dies and 
transducer combination are currently being used. 0 
* Rheometer control - the software allows rheometer temperature to be set, die block 
indexing to be performed and manual purging of the rheometer (provided sufficient Cý 
temperature has been reached). 
Running a test - the rheometer software initiates and controls the test. This I 
involves running the gear pump to provide correct processing rates and measuring tD 0 I Z: ý C 
pressure drop across the capillary. An algorithm in the software detects at each 
processing rate when 'equilibrium' has been reached, and then automatically ZD 
indexes to the next stage. The equilibrium sensitivity can be user defined in the 
software to suit the material under test. 
e Displaying or printing test results in tabular or graphical form. It, Z: > Zý 
Savin- or recalling tests to disk - up to ten test results can be recalled Zý C 
simultaneously for comparison purposes. 
Fi, (),, ure 4.13: On-line rheometer control software C, 
4.2 Twin-Bore Capillary Rheometer 
Off-line rheological charactcrisation in this work was carried out on a twin borý: 
capillary rheometer -a Rosand RH7 model shown in figure 4.14. Capillary 
rheometers are commonly used in industry to determine the rheological properties of 
polymer melts under typical processing conditions. I 
Figure 4.14: Ro.,, and RH7 txin-horc carilIM-Y rheol", ce' 
Ibe RH7 uses piston driven flow through capillaries to determine melt theology. Two 
phosphor bronze tipped steel pistons located in the rheometer barrels are driven via a 
common crosshead by a DC motor. A reduction gearbox and linear power screw 
allow the encoder controlled motor to provide accurate piston speeds at a wide range 
processing rates. 'Me pistons move at constant speed to provide a constant melt shear 
strain rate. Shear strain rate in the capillary dies is calculated from piston speed and 
hence volumetric flowrate in the barrel, and is also dependent upon capillary diameter. 
Melt pressure drops across the capillary dies are measured using mercury-filled 
capillary transducers (Dynisco PT 422A) which allow shear stress to be calculated. 
ure 
ducer 
ie 
Figure 4.15: Schematic view of the Rosand RH7 twin-bore capiHary rheometer 
The transducers are located just above the capillary die entrance, and the rheometer 
software detects when equilibrium has been reached by the same method as the on-line 
rhcometer software (running on a dedicated PC). Tests are set using a number of 
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individual shear rate stages, up to a maximum of fifteen. At each stage, once 
equilibrium has been reached, the test is automatically advanced to the next stage. 
Polymer is loaded into the rheometer barrels manually, in solid form of either pellets or 
powder. Temperature of the rheometer barrels is maintained by three separately 
controlled barrel heaters. Typical test procedure involves manually packing the 
polymer, before a two stage melting and compression sequence, usually totalling nine 
minutes - the estimated time taken for the whole sample to reach homogeneous melt 
temperature. 
The twin barrel design of the rheometer allows two geometries of capillaries to be used 
simultaneously. Typically, one long capillary die is used together with one short, or 
orifice die. This allows Bagley correction of shear stress to be carried out for entry 
pressure drop, and the entry drop measurement itself can be used to estimate 
extensional viscosity using Cogswell's tangent model. Optional Rabinowitsch 
correction is also available in the rheometer software. Completed test data can be 
displayed in tabular or graphical format, and tests can be saved in a format compatible 
with conunercial spreadsheets. Up to five previous tests can be recalled for 
comparison purposes, and the recalled test data can be combined. 
In addition to steady shear tests, a number of other test options are available. These 
include melt density tests (or pressure-volume-temperature tests), in which a plug is 
used in place of the long die, allowing melt pressure to be measured at decreasing 
volume. Weighing of the sample before testing allows density calculation to be made. 
Assessment of effective capillary wall slip velocity using Mooney's method (see 
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chapter 3.4.2) can also be carried out using capillary dies with differing diameters. 
Other available test options not used in this study include fibre draw down testing and 0 
measurement of extrudate die swell. 
4.3 In-line Slit Die Rheometer 
For in-line rheological measurements, a modular slit-die rheometer was used, I 
designed by Woodhead [1995] and shown in figure 4.16. This consists of two main I 
body pieces with changeable flow path and entry inserts. Six sensors can be flush ZP 
mounted to the melt flow along the slit length, allowing pressure drop along the die CD C) Z: D 
and melt temperature to be measured. 
Figure 4.16: Photograph of the in-line slit die rheometer ZD 
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Figure 4.17: Modular in-line slit-die rheometer 
The die is connected to the twin screw extruder by an adapter. This provides a 
convergent flow path for polymer leaving the figure-of-eight shape created by the 
extruder screws in the barrel to the rectangular profile required to create a flow regime- 
in the slit die. The die adapter is connected to the extruder and rheometer body by 
clarnp rings. 
The main body of the slit die (shown schematically in figure 4.17) comprised of upper 
and lower halves, which house the removable flow path insert. The upper face and 
sides of the rheorneter slit geornetry are machined into the insert, whilst the lower body 
forms the bottom surface. Dowel pins locate the sealing faces on the inserts with the 
corresponding sealing faces on the main body. The two halves of the rheometer body 
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are then bolted together. Ilie flow path insert geometry can be suited to the material 
being processed, and the shear stress and strain rates required. The slit die 
temperature is controlled using the three-term controllers in the extruder. Heating is 
achieved by two internal resistance heaters with a control thermocouple located in the 
metal of the die body close to the melt However, due to the in-process nature of the 
slit die, accurate melt temperature control is impossible during extrusion, and shear 
heating in the extruder generally leads to increased melt temperature. 
Wall shear strain rates in the die are calculated from extruder volumetric throughput 
and slit dimensions using equation 3.16. These shear rates can be varied during 
experiments by varying extruder throughput, and in the experiments in this study, shear 
strain rates obtained ranged from 10-500 s". Wall shear stress is calculated from the 
pressure drop measurements along the die length (equation 3.15) which should be 
linear in fully developed slit flow. 
4.4 Twin Screw Extrusion Line 
In-process rheological measurements were made on a twin screw extrusion 
compounding line. This consisted of a Betol (BTS40) co-rotating twin screw extruder 
(TSE), which was starve fed using microprocessor controUed loss-in-weight feeders. 
The extrusion line is shown in figures 4.18 and 4.19.. Melt emerging from the extruder 
die is cooled in a water bath. before being pellefised and collected. 
117 
Figure 4.18: Twin screw extrusion line C 
its 
Feed System 
Figure 4.19: Schematic representation of the twin screw extrusion line 
4.4.1 Betol BTS40 Twin Screw Extruder 
The Betol BTS40 twin screw extruder is of the co-rotating type with closely 
intermeshing screw profiles. It is driven by a 7.5 kW constant torque DC shunt wound 
motor which provides power iniday to a primary speed reduction gearbox. Power 
output from the primary gearbox is split equally between the two extruder shafts using 
a secondary gearbox. The drive motor allows a screw speed range of 10-200 r. p. m. 
The extruder barrel is modular in design and consists of seven individual sections, 
constructed of nitride hardened steel (EN24T) and having a maximum pressure rating 
of 10,000 p. s. i. Each section has two cast-in bronze resistance heaters containing 
internal coring to allow for water cooling. Ilie barrel heaters can operate up to a 
maximum temperature of 450"C, and are controlled by three-term, Anglicon 
temperature controllers and solid state switching. Controlling thermocouples are 
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located in the metal of each barrel section, and an additional monitoring 
thermocouple has been fitted in each section, with the tip close to the melt flow. The 
barrel has also been modiFied to include ports for pressure transducers (or melt 
thermocouples) to he fitted in each seý: tion to measure pressure (or temperature) 
profile along the length of the barrel, 
Polvmer is fed by loss- in-wel Lht feeders to a Aater cooled feed block- via a feed 
hopper, and orie of the barrel zones is equipped "ith a second feed port if necessary. 
'The modular nature of the barrel allo"s removal of one or a number of sections for 
cleaning or changing. The harrel assemhly is supported on telescopic shafts which 
slide on linear hearing rac, ýs, allowing removal of the entire barrel using a hydraulic Zý -1 
system. Figure -4.20 show, ý the exposed (IM-111,11 
hýIITCI removal 
Fi, gure 4.20: Exposed twin-screw extruder screws 
I -', ý 
The extruder screws are 40 nun in diameter and have a length to diameter ratio of 
29: 1. They are of closely intermeshing trapezoidal design, illustrated in figure 4.21. 
The screws operate by positive displacement melt conveying, and are modular in 
design. This allpws the pitch and length of the individual screw sections to be suited to 
the particular processing application. Different screw geometries allow compression, 
de-compression melting and n-dxing to be developed in specific areas. The screws used 
in the experimental work were equipped with five pairs of tdlobal kneading elements 
and one pair of staggered mixing disks to aid melt mixing. 
36"wps 
. ..... 
I 
Figure 4.21: Co-rotating twin screw design 
..... ..... ......... ........ .......... ........... .. 
CD 
Staggered mizing elements 7Vitobal kneading elements 
Figure 4.22: Profiles of mixing elements 
When the in-line rheological die was not fitted to the extruder, a simple cylindrical rod 
die was used to produce a cylindrical extrudate which could be easily hauled-off and 
pelletised. Tbe extruder was controlled by a microprocessor based control system 
which allowed temperature setting, screw speed control and process monitoring of die 
pressure, drive current and screw speed. 
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4.4.2 Loss in Weight Feeders 
The extruder was fed using k-Tron loss-in-weight feeders. A maximum of three 
feeders could be run simultaneously, each having a capacity of 130 litres. Each feeder 
is supported by three load cells used to monitor the combined weight of material and 
hopper. Mass flowrate is deterniined by the decrease in load on these cells, and 
controlled by closed loop feedback to a processor. As a result, very accurate feed 
rates can be produced with low variation. Delivery of polymer to the extruder feed 
hopper is achieved using motor driven screws in the base of the hopper. Screw 
configuration is suited to the size and geometry of feed particles - large pitch open 
spiral screws are used for pellets, as opposed to closed spiral screws used to feed 
powder. 
4.4.3 Haul-Off and PelIetisation 
Extrudate is hauled-off and cooled through an eight foot long water bath before being- ' 
pelletised. The Betol pelletiser has variable haul-off roller speed which can be nmually 
adjusted to suit extrudate velocity. Rotating blades cut the extrudate, and the speed of .P 
these can be varied to alter the size of pellets produced. Pellets are collected on 
exiting the peRetiser by a chute. 
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4.5 Instrumentation 
An important part of making any process measurement is the instrumentation used to 
make the measurement. The on-line, off-line and in-line rheometers used in this study 
I 
all depend fundamentally on melt pressure and temperature measurement for 
calculation of rheological. data. Accuracy, repeatability and response time of the 
individual sensor also affects the end result. 
4.5.1 Melt Pressure Measurement 
In all melt pressure measurements made, Dynisco mercury-filled capillary transducers 
were used. These comprise of a strain gauge housing connected to a rigid stem. A 
diaphragm in contact with the polymer melt transmits pressure to a Wheatstone bridge 
in the transducer body via a mercury filled capillary in the transducer stem. Ile 
transducers used were of the PT422A type, which incorporate a flexible connection 
between the transducer housing and stem, or PT420A type, where the housing is' ' 
connected directly to the stem. The transducers have a stated response time of ten 
micro seconds, a maximum operating, temperature of 400'C, and are designed to 
withstand over-pressuring by 100%. The stated repeatability is ±0.1% with a 
combined error of'±0.5% of measured pressure. The transducer ranges used varied 
from 0-500 p. s. i. to 0-10,000 p. s. i., depending upon the particular processing 
application. Table 4.1 shows the transducers typically used in each processing 
appEcadon. 
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Application 
, 
Transducer Range (p. s. i. ) 
On-line rheometer 0-5,000 
RH7 rheometer - long die barrel 0-10,000 
RH7 rheometer - short die barrel 0-1,500 
Slit die rheometer 0-3,000 or 0-5,000 
Extruder 0-3,000 or 0-5,000 
Table 4.1: Typical pressure transducer ranges used 
More detailed specifications of Dynisco transducers are included in Appendix B. 
4.5.2 Pressure Transducer Calibration 
Melt pressure transducers incorporate an integral reference resistor built into their 
housing, which provides an 80% of fd1 scale deflection signal, allowing linear 
calibration between 0 and 80% of fiffl scale. Both the on-line and RH7 rheometers 
used this method of calibration in the rheometer control software. However, for a 
more accurate manual calibration, a Budenburg dead weight tester was used, shown in 
figure 4.23. Standard weights are loaded onto the dead weight tester to generate an 
accurate pressure on the transducer diaphragm. Transducer output is logged at a 
number of pressures, and this output, in the form of digital equivalent numbers (DEN) 
can be plotted against pressure. This plot shows the linearity of the transducer which 
affects its accuracy, and by applying a straight line fit (y--=+c), slope and intercept 
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can be calculated for use in a calibration file. An example of a pressure transducer 
calibration graph is shown in figure 4.24. The dead weight tester is capable of 
generating a maximum pressure of 1121 bar with maximum error of 0.03%, and has 
N. A. M. A. S. accreditation. 
Weights Pressure 
Transducer 
Figure 4.23: Budenburg dead weight tester 
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Figure 4.24: Example of a Dynisco pressure transducer calibration (0-5,000 p. s. i. ) 
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4.5.3 Temperature Measurement 
Temperature measurement and control was achieved using of a number of temperature 
sensors, which can be divided into control sensors (not in contact with the melt), and 
melt sensors (in contact with the melt). 
4.5.3.1 Control Thermocouples 
J-type sheathed thermocouples were used to monitor temperature for control purposes 
in each zone of the twin screw extruder and in the slit-die in-line rheometer. These 
were located in the metal of the barrel, with the tip close to the melt flow. These 
thermocouples have a response time of approximately 0. Is and an accuracy of ±0.5"C. 
Control thermocouples used in the on-line rheometer and RH7 off-line rheometer were 
of platinum resistance type. These are high precision devices manufactured to ten 
times DIN accuracy, and have a range of 0-300"C and an accuracy of ±0.1"C. 'Mese 
are also located in the metal of the rheorneter, close to the melt flow. 
4.5.3.2 Melt Temperature Sensors 
For melt temperature measurement, two types of sensors were used: contact 
thermocouples and infra-red temperature sensors. Contact thermocouples included 
standard melt thermocouples (those with a fixed protrusion distance into the melt), 
traversing melt thermocouples, and hand-held melt thermocouples. The melt 
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thermocouples were 1.5 mm diameter Labfacility J-type, which protruded into the melt 
by 1 mm. Iliese were used in the in-line slit die and were insulated from the metal 
walls of the die by locating the thermocouple sheath in glass ceramic inserts. 
Traversing thermocouples were used to measure melt temperature at various distances 
away from the metal wall. Ilese J-type 3 nun diameter thermocouples are located in 
standard half inch thread sensor ports and can be traversed manually via a threaded 
stem. 
In order to obtain a melt temperature measurement with fast response, Dynisco MTX 
infra-red sensors wereused. These work on the principle that infra-red energy emitted 
by heated objects is related to temperature, and the sensor is tuned to measure energy 
in a frequency and emmisivity band associated with polymer melts. The infra-red 
energy from the polymer melt passes through a synthetic sapphire window at the tip of 
the transducer into an optical bundle. 71rough the rigid portion of the transducer 
stem, infra-red energy passes within a2 nun optical waveguide with highly polished 
ends. 77he waveguide is protected by a metaWc sheath - one end is set within 0.127 
nun of the sapphire window and the other end is flush with the polished end of the 
optical bundle. Ile MTX sensor locates into standard half inch threaded sensor ports, 
with the sapphire window flush to the melt flow. The area of melt over which the 
I sensor integrates is conical, with a length of approximately 6 nun into the melt 
(Czazasty [1994]). The MTX has a response time of 10 ms, a temperature range of 
135-371*C, stated accuracy of ±1% of span, repeatability of ±0.25% of span, with a 
maximum pressure rating of 30,000 p. s. i. An output in the range of 0-10V is fed into 
the data acquisidon system 
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4 
The MTX sensors - were calibrated using the Rosand - RH7 twin bore capillary 
rheometer. The two sensors were fitted into the pressur; transducer ports in the 
rheometer barrel, and the rheometer barrels were then charged with polymer and 
heated. When the molten polymer had reached a homogenous temperature, a small 
amount of material was purged through the rheometer capillary dies to ensure 
compaction, and the pressure built up was allowed to dissipate. The MTX output was 
then logged, and the process repeated at a number of temperatures. This allowed - 
sensor output to be plotted against temperature and a straight line fit to be obtained. 
An example of a Dynisco MTX calibration plot is shown in figure 4.25. 
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Figure 4.25: Calibration of Dynisco MTX infra-red temperature sensor using Rosano 
RH7 capillary rheometer 
4.6 Data Acquisition System 
Real time data logging from the extrusion line, in-line slit die and on-line rheometer 
was achieved using a sophisticated data acquisition system illustrated schematically in 
figure 4.26. This allowed real-time process data to be collected, displayed and stored 
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for post processing on a Compaq 386 IBM compatible PC. This system consisted of a 
Biodata Microlink modular interface unit and a six channel strain gauge amplifier 
module produced in-house. Biodata Windmill data collection software was used, 
together with Monicon3 -a data collection progrmn written in-house by Rose [19901. 
IBM Compatible PC: 
Compaq 386/25e PC 
Software: 
Monicon 3 
Biodata Windmill 
Biodata Microlink 
Modular Interface Unit 
Data Bus: 
IEEE 488 GPIB 
Strain Gauge 
Amplifier Box 
Figure 4.26: Schematic representation of data acquisition system 
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4.6.1 Data Acquisition Hardware 
Analogue signals from process instrumentation were conditioned and interfaced to a 
PC using a Biodata Microlink (series 2000) modular interface unit. This is designed to 
have a flexible configuration which can be modified to suit individual requirements of a 
particular data capture application. The Microlink unit consists of a cabinet, power 
supply and a number of interchangeable modules. Two modules were used for 
monitoring the experimental process variables: a programmable gain amplifier (PGA) 
card and a thermocouple (TC16H) card. 
Pressure transducer outputs were conditioned first through a six-channel strain gauge 
amplifier box. This was used in order to provide greater flexibility in the zero signal 
offset of the transducer output. Conditioned pressure signals were then fed into the 
PGA channel of the Microlink unit as a 0-10V input. 'Me PGA card was also used to 
condition a number of other signals, including MTX temperature sensor output, 
extruder screw speed and drive current. The PGA card is a sixteen channel analogue ' 
input card whose signal range is software selectable over 10 mV or 10 V. A 0-10 V 
range was used in this study to minimise amplifier settling times in the Microlink unit. 
Output from each of the interface cards is fed to a 12 bit analogue to digital converter 
which converts signals into twelve bit binary output. This is then transmitted to the PC 
via an IEEE-488 GPIB where it is interpreted as digital equivalent number (DEN) in 
the range of 0-4096. The Microlink unit also contains a high-speed clock module used 
to control multiplexing of outputs and information along the GPEB. 
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4.6.1.1 Modification of On-Line Rheometer Pressure Measurement 
Data acquisition in the on-line rheometer pressure transducer was achieved using 
internal signal conditioning built into the rheometer. However, errors in pressure 
measurement were encountered, particularly at very low pressure. A simple data 
program was written in 'C' code to allow on-line rheometer data files to be opened in 
a conunercial spreadsheet, thus allowing raw pressure data to be examined and 
compared to calculated test results. A voltage follower circuit was built to monitor 
the OLR pressure transducer signal through the PGA channel of the Microlink module 
without affecting output to the rheometer hardware. This allowed the signal during 
tests to be logged by the rheometer software but also independently logged as raw data 
(DEN). 
Input 
(Transducei 
Output 
OLR processor 
Microlink 
Figure 4.27: Voltage follower circuit used to monitor OLR pressure transducer output 
The OLR pressure transducer was then calibrated using a dead-weight tester, and its 
output measured in terms of digital equivalent numbers (raw data) and load measured 
by the on-Une rheometer software. This showed that an error occurred in OLR 
software calculation of pressure which arose from a non-linearity in the pressure 
transducer output signal at low pressures. The calibration method in the OLR 
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software used an integral reference resistor in the transducer which provides a signal of 
80% of full scale deflection. A linear fit was then applied to 0 and 80% f. s. d., 
producing a 'y--=+c' straight line equation. Ibus, non-linearity in the pressure 
transducer output led to errors occurring in pressure calculation using this linear 
calibration, especially at low pressures. nerefore, the pressure transducer signal was 
logged independently during tests and used as a look-up table when calculating results. 
4.6.2 Data Acquisition Software 
Biodata Windmill software was used to collect, display and log process data. This is a 
Windows based package which consists of analogue and digital input and output 
channels. Data can be displayed on screen in numerical or graphical fonnat, and saved 
to disk in spreadsheet compatible fonn. The software is flexible and has the facility to 
store a variety of instrumentation configurations in pre-defined set-up files. A 
maximum data capture frequency of 10 Hz in possible. 
For monitoring at higher frequencies, Monicon3 real time data capture software was 
used, written by Rose [19901. This software was written specifica. Uy for use with the 
twin screw extrusion line, and allows sixteen analogue inputs and fifteen thermocouple 
signals to be logged using the Microlink unit at frequencies of 1-1000 Hz. During data 
capture four selected variables can be displayed graphically on screen. Data files are 
produced in comma separated variable (CSV) format which are spreadsheet 
compatible. 
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4.7 Experimental Materials 
The materials used in this study were a selection of branched and linear polyolefins. 
These were chosen to provide a well characterised, simple-structured group of melts 
with significantly different processing characteristics, representative of a large 
proportion of the bulk polymer processing industry. A summary of the materials used 
is shown in table 4.2: 
Polymer Manufacturer Grade MFI` 
(g/lOrnins) 
MW MWD Density' 
(kglný) 
LLDPE BP LL0209 0.9 116,000 4.2 920 
LDPE 0.25 125,000 7.5 921 
HDPE 0.35 137,000 7.7 960 
Pp Shell KF6100 3 433,500 12.7 910 
Pp Shell PM6100 5.5 300,000 10.1 910 
pp Shell SM6100 10 234,000 7.6 910 
Pp Shell VM6100 21 180,000 6.8 910 
grades ornitted. due to commercial sensitivity 
"-IS01183 
Table 4.2: Summary of material characteristics 
In addition, two filled compounds based on the LDPE and HDPE were used. A model 
compound based on LDPE was loaded with four different levels of magnesium 
hydroxide flarne retardent - 5,15,30 and 50% by weight. A production grade of 
HDPE with 30wt% loading of carbon black conductive filler was also used. These 
materials were chosen to evaluate the sensitivity of OLR measurements to level of 
loading, and to exan-dne the feasibility of using a gear pump on heavily filled systems. 
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4.7.1 LLDPE 
Innovex LL0209AP is a commercial grade of linear low density polyethylene used for 
film production. This has properties particularly suited to film applications including 
high tensile strength and elongation, high resistance to puncture and tear, and ease of 
sealing. At high shear rates, LLDPE is more viscous than conventional LDPE, but 
easier to draw down, i. e. has lower extensional viscosity, due to less chain branching. 
This grade was chosen because of its extensional properties and stability during 
processing, and because a significant amount of in-process measurement had been 
carried out previously using this grade (Woodhead [ 1995]). 
4.7.2 LDPE 
The LDPE used is a commercial grade of low density polyethylene used for blown film 
extrusion, which contains no slip or anti-block additives and can be processed in the 
range of 170 to 2201C. Conunon applications include heavy duty bags and shrink film '' 
This grade of material was chosen for use because of its branched structure, which 
provides significantly different extensional processing characteristics than linear 
polymers. The filled grades of LDPE used consisted of the base resin with various 
levels of magnesium hydroxide flarne retardent loading. This has a quoted particle size 
of typically less than 1 gm, although agglomeration may occur, and a density of 2360 
kg/rný. A coating on the filler particles enables the filler to act in part as a lubricant to 
reduce re-enforcing, although at high levels, some change in flow properties is 
inevitable. 
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4.7.3 HDPE 
The HDPE used is a commercial extrusion grade conunonly used for production of 
pipe and film. The resin has a high molecular weight tail, as opposed to being 
monodispersed. This was chosen to provide an extrusion grade of linear polyethylene 
to compare with the branched grades, and allowed examination of characteristics such 
as wall slip and instability which are typical of HDPE. The carbon black filler used was 
a fumace-type with a particle size of 65 nm. This has an extremely regular spherical 
particle shape, which is generally used for its electrical conductivity, and produces less 
re-enforcing effect then conventional types. 
4.7.4 Polypropylenes 
A range of four shell homopolymer polypropylenes with "general purpose additives" 
were studied. These were controlled rheology grades consisting of an ex-reactor grade 
and three grades derived from it by peroxide degradation. This reaction produces 
accurate chain scission to reduce molecular weight, producing three extremely 
consistent grades with low molecular weight distribution. These polypropylenes were 
chosen to examine the sensitivity of on-line theological measurements to change in 
molecular weight. The ex-reactor grade is used for the production of biaxially 
orientated sheet and film, whereas the three lower viscosity grades derived from it are 
I 
commonly used for injection moulding applications. 
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Chapter 5 
In-Process Rheometry 
Introduction 
This chapter describes the methods used, and presents results of in-process rheological 
charactexisations. On-line steady shear flow results are compared to those obtained 
from an off-line capillary rheometer and in-line theological die, and the repeatability 
and sensitivity of the test methods assessed to examine the potential for use in process 
monitoring. On-line entry pressure drops are measured to predict zero length entry 
pressures, which are used in the prediction of apparent extensional viscosity. On-line 
methods of examining specialist rheometry, such as wall slip and melt instability are 
presented. 
5.1 Steady Shear Flow Measurements 
Capillary rheornetry essentially provides a measurement of material flow characteristics 
under steady shear conditions. Most capiHary rheometry is carried out at a range of 
shear strain rates. The aim of these experiments were to: 
* Measure the shear stress and entry pressure characteristics of a number of 
polyolefins at a range of shear strain rates on-line to the extrusion process. 
* Examine the sensitivity of on-line rheological tests to material variation (polymer 
type, structure and molecular weight) and filler content 
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- Examine the correlation between on-line rheological characterisations and piston- 
driven off-line capillary rheornetry characterisations at the same set conditions. 
- Measure the repeatability of on-line rheological measurements in comparison to 
corresponding off-line measurements. 
5.1.1 Experimental Method 
All on-line rheological. measurements were made using the Rosand on-line capillary 
rheometer (OLR), described in chapter 4.1. Pressure drop measurements were made 
at a range of shear strain rates generated by a melt pump. Tests were set, controlled, 
and data coRected using the dedicated rheometer software. 
Two capillary dies were used in each test: one long and one orifice die. These had 
180" entrance angles and dimensions 16 x 1±0.005 nun and 0.25 x 1±0.005 mm. This 
allowed Bagley corrected shear stress to be calculated, and entry pressure drops 
measured to assess extensional flow. ne dies were located in the form of a capillary 
die block shown in figure 4.12, consisting of three machined-in long dies and three 
holes to allow short die inserts, of outer dimensions 10 x 015 mm. This allowed a 
range of short or orifice dies to be used in tests, which were also compatible with the 
I 
barrel of the RH7 off-line rheometer. A Dynisco 0-5000 p. s. i. PT422A pressure 
transducer (quoted repeatability ±0.1% with a combined error of ±0.5% of measured 
pressure) was used to measure melt pressure drop. 
137 
Extruder screw speed and volumetric flowrate were kept constant during on-line 
rheological tests. Volumetric flowrate was set to be as low as possible, whilst still 
generating sufficient pressure to feed the rheometer melt pump. This was generally set 
to 3-6 k&lhr. Extruder barrel and die zone temperatures were set to match the 
rheorneter set temperatures of 180,190 or 200*C. A simple extruder rod die of either 
3 or 1.5 nim dimneter was used which allowed extrudate to be hauled-off and 
pelIetised for re-processing or off-line rheometer testing. When the in-line slit die 
rheometer was used in addition to the OLR, a flat profile extrudate was produced, 
which was disposed of as waste., 
On start-up, the extruder was run for approximately one hour to ensure steady state 
conditions had been reached. Ile rheometer was then purged using the manual purge 
option in its software. This was carried out for approximately diirty minutes at high 
pump output rate (-15 cc/min) and the rheometer left until all temperature zones 
returned to equilibrium state. 
Rheometer tests consisted of up to ten stages; an initial purge stage, a wait stage and 
then up to eight shear strain rate stages. I'he range of shear strain rates attainable was 
dependent upon the melt pump range (0-25 cc/min) and capillary die diameter. The 
range of shear rates were chosen to simulate those encountered during the extrusion 
process - around 10-2500 s". A list of typical test stages is shown in table 5.1. 
During twin die tests, these stages were repeated for a second capWary, after the die 
block had been automadcally indexed. On completion of a test, data was processed 
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and rheological characteristics calculated automatically by the rheorneter software. 
Results files were saved in spreadsheet compatible format for post processing. Tests 
were repeated between three and five times to allow average values to be calculated. 
An example of the results generated from an OLR test is shown in table 5.2. 
Stage Pump speed (cc/min)*, 
shear rate (s-') 
Time (s) 
Purge 5* 30 
Wait - 30 
Shear Rate 1 10 - 
Shear Rate 2 25 - 
Shear Rate 3 50 - 
Shear Rate 4 100 - 
Shear Rate 5 250 - 
Shear Rate 6 500 - 
Shear Rate 7 1000 - 
Shear Rate 8 1500 - 
Table 5.1: Typical on-line rheorneter set test stages 
Shear rate 
(3*1) 
Tune (s) Pi (upa) Ps (NTa) P. Wa) 
Shear 
Stress 
(kPa) 
Shear 
Visc. 
(Pas) 
Exten. 
Stress 
OLpa) 
Mong. 
Visc. 
(kPa. s) 
Power 
Law 
Index, n 
10 81.1 2.31 0.22 0.22 32.7 3301 145.8 131.4 0.75 
50 164 6.67 0.68 0.68 93.6 1868 400.7 68.48 0.57 
100 201 9.68 1.09 1.09 134.2 1343 611.1 55.73 0.49 
250 218 14.91 1.89 1.89 203.5 814.1 987.2 38.34 0.39 
500 230 19.78 2.78 2.78 265.7 531.2 1370.3 28.27 0.32 
1000 238 25.31 3.99 3.99 333.1 333.2 1851.4 20.58 0.24 
2500 241 29.19 5.81 5.81 365.3 146.1 2473.0 13.39 0.14 
Table 5.2: Example of on-line rheological. test results 
(where, PI = long die pressure drop, Ps = short die pressure drop, Po = entry pressure 
drop) 
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5.1.2 Experimental Results 
5.1.2.1 Polyethylenes 
On-line rheometer shear now characterisations of the three unfiRed grades of 
polyethylene are shown in figures 5.1 and 5.2. 
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Figure 5.1: Comparison of shear characteristics of polyethylenes measured on the 
Rosand on-line rheometer at 200"C (16x I, 0.25xl mrn bore capillary dies) 
10 
0. 
k 
1 0.1 
I HDPE(mfti37, ooo) 
(M-IMOOO) 
0.01 iiI 
10 100 1000 10000 
Apparent Shea Strain Raw Qs) 
Figure 5.2: Comparison of entry pressure characteristics of polyethylenes measured on 
the Rosand on-line rheometer at 200*C (0.25xl nun bore capillary die) 
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Figure 5.1 shows the three polyethylenes to behave in a reasonably similar manner in 
shear flow, with all exhibiting shear thinning behaviour. In the processing range 
generally associated with extrusion, LDPE is least viscous and LLDPE most viscous. 
This contrasts the quoted MFI values for these materials, which are (from table 4.2); 
LDPE: 0.25 g/10 min 
LLDPE: 0.9 g/10 min 
HDPE: 0.35 g/10 min 
This shows that the melt flow index test is a poor indicator of shear behaviour for 
different materials over typical extrusion processing rates. One possibility for the 
disagreement is that the MFI test approximates to very low shear strain rates for these 
(relatively) stiff extrusion grade materials. LLDPE appeared to be less viscous than 
LDPE at very low rates (less than 10 s"). Also, the above results are characterisations 
of melt which has been extruded, whereas the quoted MFI values are for unprocessed 
material. Iberefore, the effect of processing could alter shear characteristics by chain 
scission or cross-linking. 
Entry pressure characterisations for the same materials in figure 5.2 show LDPE to 
exhibit highest entry pressures (an indication of extensional viscosity), whilst LLDPE 
the lowest. This highlights the significant effect of long-chain branching on melt 
extensional behaviour, and the importance of measuring entry pressures to accurately 
predict melt flow behaviour. LLDPE, which is a linear molecule with short chain 
branching has lower entry pressures than the linear HDPE. This appears to indicate 
that short chain branching has little effect on extensional behaviour. The relatively 
viscous behaviour of the HDPE could be influenced by its high molecular weight tail. 
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Overall, these results showed that the on-line rheometer was able to distinguish 
between the characteristics of three different polyethylene melts at a range of shear 
strain rates, and that shear and extensional behaviour of the polyethylenes tested is a 
function of molecular weight and structure (chain branching). 
5.1.2.2 Polypropylenes 
On-line rheometer shear flow and entry pressure characterisations of the four grades of 
polypropylene are presented in figures 5.3 and 5.4. 
1000 
loo 
u 
10 
KF6100 (Mvi-433.500) 
PM61 00 (M-300.000) 
SM61OO(M-234,000) 
VM6100(m-i8o. ooo) 
10 100 1000 IOODO 
Apparent Shem Strain Rate (Is) 
Figure 5.3: Comparison of shear characteristics of polypropylenes measured using the 
Rosand OLR at 200'C (16xl, 0.25xl nim bore capillary dies) 
Material Molecular Weight Melt flow index, n Viscosity coefficient, k 
KF6100 433,500 0.27 18,523 
PM6100 300,000 0.28 14,894 
SM6100 234,000 0.30 12,283 
VM6100 180,000 0.35 6,451 
Table 5.3: Power law constants n and k for the four grades of polypropylene 
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From figure 5.3 it can be seen that all four grades showed similar behaviour in shear 
flow, as the curves had the smne gradient (power law index, n), although different 
intercepts at zero shear rate (viscosity coefficient, k). This shows a reduction in 
molecular weight by chain scission resulted in a reduction in shear viscosity. 
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Figure 5.4: Comparison of entry pressure characteristics of polypropylenes measured 
using the Rosand on-line rheometer at 200'C (0.25xl mrn bore capillary die) 
From figure 5.4, it can be seen that reduction in molecular weight has similar effect on 
entry flow properties, causing a reduction in resistance to extensional flow. To 
examine the relative magnitude of the effect of chain scission on shear and extensional 
behaviour, long and orifice die pressures are plotted at constant strain rate against 
molecular weight, in figure 5.5. This shows that shear and extensional resistance are 
linearly dependent upon molecular weight, and that entry pressure measurements 
exhibit a greater percentage change due to change in molecular weight, than long die 
(shear viscosity) pressure drops. 
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Figure 5.5: Effect of Variation in molecular weight on long and short die pressure 
drop for PP at 200*C, measured on Rosand OLR 
5.1.2.3 Effect of Filler Loading on Rheological Measurements 
Two filled compounds based on the LDPE and HDPE described in section 5.1.1.1 
were examined using the on-line rheometer in order to determine the effect of filler on 
melt rheology, and to assess the ability of the technique to discfiminate between - 
various levels of loading. A magnesium hydroxide flame retardent filler was 
compounded with LDPE, with four levels of filler loading; 5,15,30 and 50% by 
weight. HDPE was compounded with 30wt% conductive carbon black filler. These 
compounds were then characterised using the on-line rheorneter using the same 
method as described in 5.1.1. 
Figures 5.6 and 5.7 show the effect of various levels of loading (by weight) of 
magnesium hydroxide flame retardent filler on the shear and entry pressure 
characteristics of LDPE. 
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Figure 5.6: Effect of Mg(OH)2 loading on the shear characteristics of LDPE; measured 
using the Rosand OLR at 2001C 
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Figure 5.7: Effect of Mg(OH)2 loading on the entry pressure characteristics of LDPE; 
measured using the Rosand OLR at 200T (0.25xl nun bore capillary die) 
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From figure 5.6 it can be seen that an introduction of Mg(OH)2 fiHer produced an 
increase in shear stress across the range of shear rates examined, although from this 
graph, only the unfilled and 50% (weight) filled grades were easily distinguishable from 
the three intermediate grades. A 50% loading produced up to a 12% increase in shear 
stress over the unfiRed LDPE, compared to the intermediate grades which produced 
around 4% increase. 
Figure 5.7 shows that filler loading produced an increase in entry pressure across the 
range of shear rates examined, with the three intermediate levels being 
indistinguishable from each other. The effect of 50% loading produced a greater 
percentage increase in entry pressure measurements (around 35 %) than in shear stress 
(up to 12%), suggesting the entry pressure measurement to be a more sensitive 
indicator of filler loading than shear stress. 
To examine the ability of the technique to discriminate between levels of filler loading, 
long die pressure drop is plotted against filler percentage at three shear rates in figure 
5.8. This shows that across the processing range exan-ýned, the 5,15 and 30% loading 
grades were indistinguishable from each other, indicating that the change in filler 
percentage from 5-30% had no effect on shear flow. This may be due to a number of 
possible reasons. Firstly, the number of tests averaged to determine each pressure 
drop, i. e. sarnple size, was low (typically three tests) due to a limited supply of 
material. An increase in the number of tests over which the average is taken may 
produce a significant improvement in sensitivity. Secondly, the magnesium hydroxide 
filler particles have an oily coating which can act as a lubricant during processing by 
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Figure 5-8: OLR long die pressure drop versus percentage filler loading at three shear 
rates; LDPE with Mg(OH)2 fiRer at 2001C 
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Figure 5.9: RH7 long die pressure drop versus percentage filler loading at three shear 
rates; LDPE with Mg(OH)2 filler at 200'C 
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inducing slip at the die walls. It rmy be possible that during processing, an increase in 
filler percentage may also have increased the amount of wall slip which masked the 
reinforcing effect of the filler. The amount of process noise present during the on-line 
rheornetry rnay also affect test sensitivity, and small changes in melt rheology rmy be 
indistinguishable because of this process noise. For comparison purposes, the melt 
characterisations were repeated using the off-line RH7 capillary rheometer described in 
section 5.2. Figure 5.9 shows long die pressure drop against percentage of filler at the 
sarne shear rates as for the OLR. This shows that in the case of off-line capillary 
rheometry, increase in filler loading produced a linear increase in long die pressure 
drop. These results suggest that the inability of the on-line rheological technique to 
distinguish between the grades is due to process noise or the effect of processing on 
melt rheology during extrusion. The off-line rheometry results indicate a greater 
percentage change due to filler loading (around 25% increase for 0- 50% loading) 
compared to the on-line rheometry (around 17% increase from 0- 50%). This could 
be a result of increased slip during processing. 
Figure 5.10 shows entry pressure versus percentage of filler level at three shear rates 
from on-line rheometer tests. From this it can be seen that at all three shear rates, the 
5,15 and 30% (weight) filled grades were indistinguishable from each other, and at the 
lowest shear rate of 250s", lower entry pressures were measured in the 15 and 30% 
Med grades than for the 5%. This suggests that slip rmy not be the cause of the 
insensitivity of the on-line rheornetry to intermediate levels of filler loading, because 
entry pressure measurements would not be affected to the same extent by slip as long 
die measurements. 
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Figure 5.10: OLR orifice die pressure drop versus percentage filler loading at three 
shear rates; LDPE with Mg(OH)2 filler at 200*C 
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Figure 5.11: RH7 orifice die pressure drop versus percentage filler loading at three 
shear rates; LDPE with Mg(OH)2 filler at NOT 
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Figure 5.11 shows the corresponding entry pressure versus filler level graph for off-line 
rheometry. From this it can be seen that entry pressure drops appeared to increase 
linearly with loading of filler at all three shear rates, again suggesting that on-line 
rheometry results were affected by either process noise or a change in melt rheology 
during processing. The sensitivity of these on-line and off-line rheometry results are 
discussed in more detail in chapter 7, where statistical analysis of test repeatability and 
process noise are assessed in terms of the test results. 
Figures 5.12 and 5.13 show the effect of a 30wt% loading of carbon black on the shear 
and entry pressure characteristics of high density polyethylene. This was found to 
have significant effect on shear characteristics (an increase in shear stress of 50% at all 
shear rates), although minimal effect upon entry pressure measurements (a maximum 
increase of 7% at high shear rates). This may be due to the nature of the carbon black 
filler which generally has a significant reinforcing effect at high loading, therefore 
increasing resistance to shear flow. However, the grade of carbon black used in this 
application is designed to provide optimum conductive properties and consists of 
extremely regular spherical particles. These may provide less resistance to. extensional 
flow than more irregular shapes of carbon black particles used in purely reinforcing 
applications, by not aiding molecular entanglements. 
These results show that the OLR was able to make rheological characterisations on 
heavily filled materials, without adverse effect on gear pump operation. The presence 
of a filler could be detected in both cases, although it appears that the extent to which 
I 
this changes material characteristics is dependent upon filler loading and type. 
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Figure 5.12: Effect of carbon black loading on the shear characteristics of HDPE; 
measured using the Rosand OLR at 2000C 
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Figure 5.13: Effect of carbon black loading on the entry pressure characteristics of 
HDPE; measured using the Rosand OLR at 200*C 
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5.2 Comparison with Off-line Rheometry 
5.2.1 Experimental Method 
All off-line rheological tests were carried out using the Rosand RH7 twin-bore 
capilIgy rheometer, described in 4.2. There are two fundamental differences in test 
operation between on-line and off-line testing; the method of melting and the method 
of flow generation. The off-line rheometer uses static barrel heating to melt the 
sample, compared to melting by extrusion in the case of on-line tests, and piston driven 
flow is used rather than a gear pump. Off-line rheological characterisations were 
designed to provide as similar conditions as possible to the on-line measurements 
described above and when possible, the same capillary dies were used at the sarne set 
temperature and range of shear strain rates. 
Material was loaded into the barrels of the RH7 rheometer in pelletised or powdered 
form, and compressed by manually depressing the pistons. Tests were set using 
dedicated rheometer control software, allowing up to fifteen shear strain rate stages, 
I 
and a four-stage heating and compression cycle. Before testing, the material was 
heated for a total of nine minutes to allow the sample to reach homogenous test 
temperature. Shear strain rates were chosen to cover the same range as the on-line 
characterisations, using the swne 16 x1 n-ffn and 0.25 xI mm bore capillary dies. The 
twin-bore nature of the rheometer allowed long and short die tests to be carried out 
simultaneously. The transducers generaRy used were a 0-10,000 p. s. i. PT422A 
transducer for the long die pressure drop, and a 0-1,500 p. s. i. for the short die. 
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The RH7 rheorneter control software incorporates the same algorithm for determining 
equilibrium as the on-line rheometer software, allowing user defined sensitivity to be 
set the same in both methods. On completion, test results were automatically 
calculated by the software, and saved in spreadsheet compatible format. 
51.2 Experimental Results 
Rheometry comparisons were made using on-line and off-line methods using the full 
range of linear, short-chain branched and long-chain branched materials. The full set 
of comparisons in shear flow and entry pressure are included in appendix E, and 
examples of the results for LLDPE and unfilled and 50% (weight) Mg(OH)2 filled 
LDPE are shown in figures 5.14 - 5.17. These examples are representative of the two 
materials which were found to exhibit 'best and worst case' correlation from on-line to 
off-line. 
Figures 5.14 and 5.15 show good agreement in shear flow (2% maximum deviation) 
and entry pressure measurements (10% maximum deviation) for the LLDPE. Figures 
5.16 and 5.17 show good agreement in shear flow of the unflUed LDPE (3% maximum 
deviation), and reasonable agreement for the 50% Mg(OH)2 filled LDPE in entry 
pressure measurements (22% maximum deviation). In each case, the gradient of the 
shear stress versus shear rate, and entry pressure versus shear rate curves were found 
to be similar, i. e. similar power law index 'n' values, but with a shift, in most cases 
showing on-line results to be lower then those measured off-line. 
I 
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Figure 5.14: Comparison of on-line shear characterisation with off-line for LLDPE at 
200"C (16xl and 0.25xl nun bore capiHary dies) 
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Figure 5.15: Comparison of on-line entry pressure characterisation with off-line for 
LLDPE at NOT (0.25xi mm bore capillary die) 
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Figure 5.16: Comparison of on-line shear characterisation with off-line for unfilled and 
50% filled LDPE at 200*C (16 xl and 0.25xI mrn bore capillary dies) 
9- 
8- 
7- 
'ýý 6- 9 
25- 
4 
3 
2- 
................. 
................. 
........ 
OLR 0% filler 
OLR 50% filler 
RH7 0% filler 
RH7 50% filler 
....... 
...... 
............ 
....... 
..... ... 
......... 
........ ........ 
Ar ... .... 
O LR 0% filler 
O IR 50% filler 
R H7 09o' filler 
7 50% filler 
UIIIiI 
0 200 400 600 800 1000 1200 1400 1600 
Apparent Shear Strain Rate Us) 
Figure 5.17: Comparison of on-line entry pressure characterisation with off-line for 
unfilled and 50% filled LDPE at 2000C (0.25xl mm bore capillary die) 
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Polymer Filler 
M 
Temp (T) Shear rate 
range (s-) 
Deviation in 
shear stress 
Mean Max. 
Deviation in entry 
pressure 
Mean Max. 
LLDPE 0 200 10-2500 -1.6 -2.2 +7.3 +11.9 
LDPE 0 190 50-1500 -3.4 -5.0 -10.2 -14.1 
LDPE 50 190 50-1500 -9.3 1 -12.1 -18.9 -22.6 
HDPE 0 200 50-2000 -2.6 -3.2 -13.5 -18.1 
HDPE 30 200 50-1000 -6.2 -8.4 -19.7 -25 
PP (KF) 0 180 100-2500 -5.2 1 -13.1 -16.9 -19.4 
PP, (PM) 0 180 100-2500 -2.6 1 -5.4 -14.3 -16.7 
PP, (SM) 0 180 100-2500 -1.8 -3.8 - 11.3 -13.7 
PP, (VM) 0 180 100-2500 -7.6 -8.9 -25.3 1 -31.0 
Table 5A Summary of correlation between on-line and off-line rheological tests 
7be comparisons for the full range of polyethylenes and polypropylenes are 
summarized in table 5.4, in terms of mean and maximum deviation of the on-line 
measurements from those obtained off-line. This shows that the mean deviation in 
shear flow ranged from -1.8 to -9.3 % from the off-line rheometer tests, and the mean 
deviation in entry pressure ranged from +7.3 to -25.3 %. On-line measurements were 
in all but one case lower than off-line, indicating lower resistance to both shear and 
extension, and the maximum deviation was found in most cases to occur at higher 
shear rates. Ibis deviation may result from a number of factors: 
- Inaccuracy in melt flowrate generated by the rheometer gear pump. 
- Inaccuracy of pressure drop measurement in OLR tests. 
- Inaccuracy of temperature control in OLR tests. 
- Modification in material characteristics due to extrusion and OLR testing. 
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Errors in pressure drop measurement in the on-line rheometer tests were assumed to 
be negligible due to the pressure transducer output being independently logged, and 
measurements checked using a manual calibration curve. Melt temperature control and 
flowrate accuracy will be reported in chapter 6, as will any measurable modification of 
the melt (in rheology or molecular characteristics) due to extrusion and OLR testing. 
Entry pressure measurements showed consistently higher deviation from off-line 
rheometer measurements for all materials tested. This may be due to entry pressure 
being more sensitive to the initial cause of the deviation than shear stress 
measurements, or because only one pressure transducer was used in the OLR tests, 
unlike off-line tests in which the short die transducer range is chosen to suit orifice 
pressure drops. 
These tests compare well with published comparisons of on-line and laboratory 
rheometry measurements. Gottfert [1986] reported agreement to within 3.2% of off- 
line shear viscosity measurements using a By-Pass Rhcograph, although only at a 
linited range of low shear rates. Durnoulin [1993] found the Rheometrics Melt Flow 
Monitor to show agreement to within 5% of off-line capillary rheometry results in a 
Ernited shear rate range. Lancey [1996] reported the Kayeness dual capillary on-line 
rheometer showed good agreement to within 10% of off-line capillary rheometer 
measurements in shear viscosity, in a wide range of shear rates (1.5 - 2400 s-1). On- 
line measurements of entry pressure have not been published, although Lancey [19961 
described the potential of the dual capillary device to make such measurements, and to 
I 
use these to predict extensional viscosity using Cogswell's free convergence model. 
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5.3 Comparison with In-Line Slit Die Rhoometry 
5.3.1 Experimental Method 
In-line measurement of rheology was carried out using the modular in-line slit die 
rheometer described in 4.3, in which pressure drop was measured along the slit at a 
range of flowrates to provide a shear flow characterisation. A slit die insert of 
dimensions 1.5 x 40 x 120 mm was used, which provided a 26.7: 1 aspect ratio. Screw 
speed was 150 rpm for all experiments, and five extruder feed rates used to control 
volumetric throughput in the extruder. The flowrates used were 3,6,9,12 and 15 
kg/hr, producing respective shear strain rates in the die of 50-350 s". Melt pressure 
drop and temperature in the rectangular flow path were monitored at a frequency of 1 
Hz for a period of 5- 10 minutes. Five pressure sensors were used tq examine 
linearity of pressure drop along the slit, and from this shear stress, shear viscosity and 
exit pressure drop could be calculated. 
Shear characterisations from the in-line rheometer were compared to on-line and off- 
line results. Due to shear heating, the melt temperatures during testing in the in-line 
slit die varied according to extruder throughput, making direct comparison of shear 
flow functions to the other techniques difficult. To overcome this, an Arrhenius-type 
temperature equation was used to shift the measured results to a reference 
temperature. This was done by carrying out a number of off-line shear 
characterisations at different temperatures, to calculate temperature dependence of 
activatign energy. Shear rates could then be compensated at constant stress. A 
description of this method is included in appendix D. 
158 
53.2 Experimental Results 
Figures 5.18 and 5.19 show a comparison of in-line rheological. characterisation from 
the slit die, with on-line and off-line rheometer data. These show a reasonable 
correlation of slit to capillary rheometry for both unfilled and filled grades of LDPE, 
although higher shear stresses were measured in the slit die at lower shear rates (by 
around 10-15 %). The effect of temperature compensation on the in-line rheometer 
data is shown - this had most effect at higher processing rates when melt temperature 
was corrected from 209 to 190'C. 
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Figure 5.18: Comparison of OLR, off-line rheometer and in-line rheological slit die for 
unfilled LDPE at 190'C 
In-line measurements of entry pressure are shown in figure 5.20. Direct comparison 
between the two methods cannot be made because of difference in flow geometry and 
melt temperatures, but for the rates examined, a reasonable correlation was found. 
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This shows the in-line entry pressure to be a relevant characterisation, and the slit die 
entry pressures exhibited the same trend as measured on-line capillary measurements. 
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Figure 5.19: Comparison of On-line rheometer, off-line rheorneter and in-line 
rheological, slit die for 50wt% Mg(OH)2 filled LDPE at 190"C 
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Figure 5.20: Comparison of entry pressure measurements from OLR (0.25xl nun bore 
orifice dies) and in-line slit die (1.5x4OxI2O mm) for LDPE at 190'C. 
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Overall, results obtained from the in-line slit die showed reasonable agreement with 
those from the on-line rheometer, although a closer agreement was found with the off- 
line rheometer. This suggests that the consistently lower shear stress measurements 
from the OLR were not a result of processing effect on the melt, as these would be 
seen in the in-line die measurements. 
Temperature correction using an Arrhenius type equation showed the in-line rheometer 
results to be shifted towards those from the off-line RH7 (increasing apparent shear 
rate at lower temperatures and decreasing apparent shear rates at higher temperatures), 
although a noticeable difference remained. This could mean the correction technique 
does not correct the results sufficiently, or could be due to other errors in melt 
temperature or pressure measurement. 
The in-line rheological slit die provided melt characterisations at a range of low shear 
rates with reasonable agreement with the capillary rheometry techniques, and was able 
to distinguish between different materials, and filled grades. Most studies using in-line 
slit die rheometers in extrusion have reported lower viscosity measured in-line, which 
has been attributed to the plasticising effect of the extruder, or to shear modification of 
the material. Rauwendaal [19851 found in-process viscosity measurements to be 
between 20 and 50% lower than those measured off-line, and both Springer [1975] and 
Padmanabhan [1994] reported consistently lower values measured in-line. Some 
experimentalists, such as Woodhead [1995] found better agreement from slit die 
measurements to off-line capillary rheometry, although slightly higher shear viscosities 
I 
were measured in-line. This was attributed to error in pressure transducer 
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measurements made at high temperatures. The practical limitations of carrying out a 
multi-flowrate test in a production environment suggest that the applications of this 
technique in melt characterisation may be limited to research and development 
environments, although the potential for process control using a continuous single rate 
measurement has been highlighted (Coates [1994b]). A more detailed discussion of 
the comparison between in-line, on-line and off-line techniques, and their applicability 
to process monitoring and control is included in chapter 7. 
5.4 Repeatability of Rheological Tests 
5.4.1 Experimental Method 
A series of tests were carried out in order to examine the repeatability of on-line and 
off-line theological tests. Three-stage shear rate tests using long and orifice dies were 
repeated around sixty times to allow statistical analysis of the variation in results. 7be 
shear strain rates used were 100,500 and 1000 s", through 16 x1 nun and 0.25 x1- 
mm bore capiHary dies. The same grade of LDPE was used in both sets of tests, at the 
same set test temperature. The test method employed was as described in sections 5.1 
and 5.2, and was carried out using both the on-line and off-line rheometers in twin-die 
mode. 
The repeatability of pressure drop measurements is heavily dependent upon the 
sensitivity of equilibrium deterrnination in the rheometer software. Tberefore, all user- 
I defined terms which affect the equilibrium detemination were set equal in both 
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5.5 Entry Flow Studles 
Chapter 3.6.1 highlighted the extensive work which has been carried out in trying to 
understand the nature of polymer melt entry flows, in laboratory environments, in- 
process measurements and through numerical simulation. A series of experiments 
were carried out to examine entry pressure drop measurements through various land 
length orifice dies for a range of materials on-line to the extrusion process, in an 
attempt to accurately predict 'true' zero length entry pressure as a tool for estimating 
extensional viscosity. 
5.5.1 Experimental Method 
To allow examination of entry flows, a set of six tungsten carbide orifice dies were 
produced, compatible with both the on-line and off-line rheometers. These were in 
the form of 15 nun outer diameter inserts, of 1.0 ± 0.005 nun diameter bore 
(measured using a go/no-go gauge), with capillary lengths ranging from 0.1 to 1.0 n= 
as shown in table 5.7.7be lengths of the capillary dies were measured using a 
Monsanto co-ordinate measuring machine (CMM), with a2 mm diameter probe. 
Each die was used in a multiple shear strain rate test on both the on-line and off-line 
rheometers for a range of linear and branched materials. Pressure drop was then 
plotted against L: D ratio (or die length) for each shear rate and the measured entry 
pressures used to predict actual orifice die pressure drop and therefore allow 
extensional viscosity to be estimated using a number of models. 
rheometer's control software. The pressure drop measurements at each shear strain 
rate were then plotted against test number to allow statistical analysis. 
5.41 Experimental Results 
Pressure drop measurements at each shear strain rate were plotted against test number 
to analyse variation in both the on-line and off-line rheometers. An example of one 
such plot from the OLR long die at 500 s-1 is shown in figure 5.21. Statistical analysis 
was then carried out on each of the samples, and the mean, standard deviation, range 
and 95% confidence limits calculated. A summary of these analyses for the OLR and 
RH7 are shown in tables 5.5 and 5.6 respectively. 
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Figure 5.21: On-line rheometer pressure drop measurements through 16xl mm, long 
die at 500 s"; analysis of variation 
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PI (MPa) Po (MPa) 
Shear Rate (s") 100 500 1000 100 500 1000 
Mean 3.020 6.851 9.718 0.473 1.509 2.481 
Range 0.172 0.31 0.34 0.102 0.201 0.33 
Standard Deviation 0.038 0.072 0.069 0.023 0.053 0.058 
Coef't of Variation 0.013 0.011 0.007 0.048 0.035 0.023 
95% Confidence 0.010 0.019 0.018 0.006 0.014 0.016 
Table 5.5: Surmnary of statistical analysis of repeatabiEty tests on OLR; dies l6xI and 
0.25xI nun bore at 200"C using L500 LDPE 
PI (MPa) Po (MPa) 
Shear Rate (s-1) 100 500 1000 100 500 1000 
Mean 3.332 7.551 10.535 0.488 1.574 2.24 
Range 0.140 0.126 0.135 0.039 0.113 0.063 
Standard Deviation 0.026 0.024 0.026 0.008 0.025 0.014 
Coef t of Variation 0.008 0.003 0.002 0.016 0.016 0.006 
95% Confidence 
1 
0.0070 0.0066 0.0069 0.0022 0.0068 0.0037 
Table 5.6: Summary of statistical analysis of repeatability tests on RH7; dies l6xI and 
0.25xl mm bore at 2001C using L500 LDPE. 
The 95% confidence interval is a measure of confidence that the mean of any number 
of future tests will lie between a certain range. nis is calculated from the formula: 
Confidence Interval = x± ts / Nrn- 5.1 
Where x= mean 
s= standard deviation 
t= critical value (from t-tables) 
n= sample number 
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ne critical value, t, is obtained from a statistical table for a two-sided t-test (Caulcutt 
[1991]). Ibis is dependent upon the sample number and significance level, i. e. 0.05 for 
95%. For example the 95% confidence interval for P, in the example given in figure 
5.21 was calculated by: 
Confidence interval = 6.851 ± 2.00 x 0.072/q56 
= 6.851 ± 0.019 MPa 
Therefore it can be concluded that for 95% of future tests on this LDPE on the OLR, 
through the 16 xI mm long die at 500 s-1, the mean pressure drop will lie between 
6.832 and 6.87 MPa. However, as can be seen from figure 5.21, the measured 
pressure drops ranged from 6.7 to 7.02 MPa, so for a measure of spread, the range and 
coefficient of variation are perhaps more useful indicators. Tables 5.5 and 5.6 show 
that values for the on-line rheometer were consistently higher than those from the off- 
line rheometer. 'Me ranges of measured OLR values were similar for both long and 
short dies, and the coefficient of variation was greater for short die measurernents. 
This is presumed to be a result of using the same transducer for both sets of 
measurements, as opposed to the RH7, which used two appropriately ranged 
transducers. Tle stability of pressure measurements in both rheometers will be 
exan-dned further in chapter 6. 
The above results show that although the OLR produces less repeatable results than 
the off-line rheometer, the variation of pressure measurements was found to be 
relatively small. In long die pressure drops, the range was found to be around ± 2%, 
compared to between ±6 to 10% in the case of short die pressure drops. 
165 
5.5 Entry Flow Studies 
Chapter 3.6.1 highlighted the extensive work which has been carried out in trying to 
understand the nature of polymer melt entry flows, in laboratory environments, in- 
process measurements and through numerical simulation. A series of experiments 
were carried out to examine entry pressure drop measurements through various land 
length orifice dies for a range of materials on-line to the extrusion process, in an 
attempt to accurately predict 'true' zero length entry pressure as a tool for estimating 
extensional viscosity. 
5.5.1 Experimental Method 
To allow examination of entry flows, a set of six tungsten carbide orifice dies were 
produced, compatible with both the on-line and off-line rheometers. These were in 
the form of 15 nun outer diameter inserts, of 1.0 ± 0.005 nun diameter bore 
(measured using a go/no-go gauge), with capillary lengths ranging from 0.1 to 1.0 mm, 
as shown in table 5.7. The lengths of the capillary dies were measured using a 
Monsanto co-ordinate, measuring machine (CMM), with a2 mm diameter probe. 
Each die was used in a multiple shear strain rate test on both the on-line and off-line 
rheometers for a range of linear and branched materials. Pressure drop was then 
plotted against L: D ratio (or die length) for each shear rate and the measured entry 
pressures used to predict actual orifice die pressure drop and therefore allow 
I 
extensional viscosity to be estimated using a number of models. 
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Capillary Diameter (nun) Capillary Length (mm) 
0.12 
0.2 
0.37 
1 0.48 
1 0.75 
1 0.98 
Table 5.7: Dimensions of the capillary orifice dies 
A further set of I nim bore capillary die inserts were also produced, allowing pressure 
drop to be measured through a range of die lengths from long (16: 1 L: D ratio) to 
orifice. The dimensions of these capillaries are shown in table 5.8. 
CapiHary Diameter (nun) CapMary Length (mm) 
1 2.01 
1 4.03 
1 8.02 
Table 5.8: Intermediate length capillary die dimensions 
Steady shear tests were carried out in single die test mode, as described in section 5.1, 
for the full range of dies (length 0.12 - 16 mm), and pressure drops plotted against L: D 
ratio. This was carried out for the three polyethylenes described in chapter 4-a linear 
HDPE, a short chain branched LLDPE and a long chain branched LDPE. 
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5.5.2 Experimental Results 
Figure 5.22 shows measured pressures for the fiffl range of capillary dies used (L: D 16 
to - 0) for LLDPE at a range of shear strain rates from 50 - 2500 s-. This shows the 
pressure drop versus L: D ratio to be relatively linear, and a linear curve fit produced 
correlation coefficients of between 0.9992 and 0.9998. This agrees with Bagley's 
[1957] studies for polyethylene, and numerous studies since. Non-linearity in such 
plots may suggest a pressure effect on viscosity, occurrence of slip, or the development 
or more complex flow than considered by standard capillary flow equations. 
Figure 5.23 shows pressure drop values for capillary dies approaching orifice. This 
appears to show a non-linearity in the case of all shear rates, below a specific die length 
of around 0.4 mm (L: D ratio 0.4: 1). Below this value, the gradient of the pressure 
curve is a factor of 1.7 times lower than for dies above L: D 0.4: 1. This change in 
slope also affects the prediction of zero length pressure drop, and predictions made 
using a linear fit through the pressure drop are on average 10% higher than those 
using a third order polynomial fit through dies of L: D < 1, as shown in table 5.9. 
Predicted zero len gth pressure drop (MPa) 
Shear rate (s") linear fit 
(all dies) 
linear fit 
(L: D 16 to 0.5) 
linear fit 
(L: D 0.4 to 0.12) 
3rd order polyl 
(L: D I to 0.12) 
50 0.276 0.287 0.307 0.342 
100 0.495 0.528 0.511 0.550 
250 0.926 0.971 0.960 1.011 
500 1.488 1.548 1.528 1.596 
1000 2.282 2.326 2.373 2.412 
25QO 4.046 4.090 4.158 4.212 
Table 5.9: Predicted zero length entry pressures for LLDPE using linear and 3rd order 
polynomial curve fits; measured on OLR 
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Figure 5.23: Pressure drop versus L: D ratio for LLDPE at 200"C measured on OLR 
using 1 nun bore capillaries; dies approaching orifice 
Figure 5.24 shows the results of the same experiments carried out using the RH7 
piston driven capWary rheometer. These pressure drops exhibit a non-linearity at 
approximately the same L: D ratio, with the gradient of the pressure drop decreasing by 
a factor of 1.6 below an L: D of 0.4. 
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Figure 5.24: Pressure drop versus L: D ratio for LLDPE at 200*C measured on RH7 
using I mffi bore capillaries; dies approaching orifice 
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Pressure drop versus L: D ratio for dies approaching orifice measured on the OLR are 
shown for HDPE in figure 5.25. This appeared to follow a linear fit above L: D of 
around 0.3, but exhibited a non-linearity below this. The gradient of the pressure drop 
below this point is a factor of 1.8 lower than the linear region. 
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Figure 5.25: Pressure drop versus L: D ratio for HDPE at 200*C measured on OLR 
using I nun bore capillaries; dies approaching orifice 
Predicted zero length entry pressures were made using linear fits through all the 
capillary dies (L: D 16 to 0.1), dies down to L: D 0.4, and dies less than 0.4 L: D, 
together with a third order polynonU curve fit through dies of L: D 1 or less. These 
are shown in table 5.10. Experiments repeated using the RH7 off-line rheometer 
exhibited a similar non-linearity occurring below a die L: D of approximately 0.4. 
Figure 5.26 shows the results of OLR orifice die tests using branched LDPE. Ile 
pressure drop versus L: D ratio was linear for longer capillary dies, but exhibited a non- 
linearity approaching orifice. 
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Predicted zero length pressure drop (MPa) 
Shear rate (s-') linear fit 
(all dies) 
linear fit 
(L: D 16 to 0.5) 
linear fit 
(L: D 0.4 to 0.1) 
3rd order poly'l 
(L: D 1 to 0.1) 
50 1.027 1.069 0.931 0.868 
100 1.365 1.416 1.261 1.184 
250 2.017 2.079 1.908 1.804 
500 2.755 2.830 2.605 2.473 
1000 3.769 3.859 3.597 3.427 
1500 4.536 4.642 4.305 4.144 
2000 5.133 5.248 4.891 4.721 
Table 5.10: Predicted zero length entry pressures of HDPE on the OLR using linear 
and 3rd order polynomial curve fits 
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Figure 5.26: Pressure drop versus L: D ratio for LDPE at 200"C measured on OLR 
using 1 mm bore capillaries; dies approaching orifice 
7be non-linearity in pressure drop in this case appeared to occur at approximately L: D 
of 0.75., Below this value, the gradient of the pressure drop was found to increase by a 
factor of 1.7. This affects entry pressure drop estimation, as shown in table 5.11. 
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Predicted zero length pressure drop (MPa) 
Shear rate (s") linear fit 
(all dies) 
linear fit 
(L: D 16 to 0.75) 
linear fit 
(L: D 0.4 to 0.1) 
3rd order poly'l 
(L: D 1 to 0.1) 
100 1.556 1.698 1.358 1.366 
200 2.096 2.248 1.897 1.939 
400 2.793 2.951 2.518 2.592 
600 3.299 3.470 2.998 3.000 
800 3.734 3.949 3.430 3.475 
1000 4.124 4.366 3.782 3.849 
1500 4.825 5.051 4.457 4.447 
Table 5.11: Predicted zero length entry pressures of LDPE on the OLR using linear 
and 3rd order polynon-dal curve fits 
This effect was found to be repeated on tests using the RH7 capWary rheometer, with 
the gradient of pressure drop below L: D 0.75 being approximately 1.5 times higher 
than foi dies above this length. 
5.5.3 Summary of Results 
In the three polyethylenes tested, at each shear strain rate on both the on-line and off- - 
line rheometers, a non-linearity was detected in the pressure drop through capillary 
dies approaching orifice. CogsweR [1981] noted that "some experimenters detect a 
non-linearity in the Bagley plot near L: R = 0", although no explanation was suggested. 
In all three materials the non-linearity was found to 'occur between 0.3 and 0.75 L: D, 
and this'value increased with the amount of branching. This suggests a dependence of 
the phenomena on branching, which would appear plausible, as branching is known to 
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have significant effect on entry flow characteristics (Cogswell [ 198 1 ]). In the linear and 
short-chain branched PE, the gradient of the pressure drop decreased below the non- 
linearity by a factor of between 1.5 and 1.7, whereas for the long chain branched 
LDPE, the gradient increased by a factor of around 1.5. This again indicates 
significant effect of branching on the entry flow behaviour. The L: D ratio at which the 
non-linearity occurred for each material and the factor by which pressure drop gradient 
increased or decreased below this value are summarised in table 5.12. 
Material L: D ratio at which non- 
linearity occurred 
Factor by which pressure 
drop gradient changed 
LLDPE 0.37-0.48 -1.6 
HDPE 0.2-0.37 -1.8 
LDP E 0.48-0.75 +1.5 
Table 5.12: Summary of 'critical L: D ratio' below which non-linearity of pressure drop 
was observed; polyethylenes tested on OLR 
In each case, prediction of zero length entry pressures was significantly affected by the -- 
method of extrapolation. M-ds is extremely important in the prediction of extensional 
viscosity, and for input into numerical models for simulation. The relative correlations 
of linear, second order and third order curve fits to pressure drops of dies approaching 
orifice (L: D <1) measured on the OLR for each of the three polyethylenes is shown in 
table 5.13. This uses average correlation coefficients for the ftW range of shear rates 
examined, and suggests that the use of a 3rd order polynorTfiA is the most accurate 
method of fitting the pressure drop through capiHary dies approaching orifice. 
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Correlation coefficients for curve fits 
linear 2nd order polynomial 3rd order polynomial 
HDPE 0.9904 0.9883 0.9902 
LLDPE 0.9719 0.9766 0.9812 
LDPE 0.9886 0.9896 0.9919 
Table 5.13: Correlation of curve fits to pressure drop data through dies with L: D <1 
measured using the Rosand OLR 
Without more detailed experimentation, possibly utilising flow visualisation. techniques, 
it is difficult to fully understand the flow mechanism of linear and branched polymer 
melts through orifice dies. However, this study has shown that the traditional view of 
capWary pressure drop comprising of discrete viscous (shear) and convergent 
(extensional) flow is inaccurate in describing flow through dies of low L: D ratio. This 
suggests entry flows are dependent upon a more complex relationship between shear 
flow, extension and viscoelasticity (pressure drop due to die swell). ne results from 
this study are discussed in more detail in chapter 7. 
5.5.4 Use of Entry Pressures for Modelling Apparent Extensional Viscosity 
In order to examine the effect of entry pressure measurement on apparent extensional 
viscosity, the predicted values of zero length entry pressure, Po, were used to estimate 
extensional viscosity. Two widely used extensional viscosity models were used - the 
free convergence model derived by Cogswell [1972], and the spherical velocity field 
model discussed by Gibson [1988]. 
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Cogwell's approach uses a simple plug flow (planar flow) velocity field, in which plane 
sections remain plane. The free convergence model was derived specifically for flat 
entry angle profiles (entrance sen-d-angle 90'Q where the measured entry pressures 
take into account the angle which the melt takes through the contraction. This is 
arguably the most widely used model of extensional viscosity due to its simplicity, and 
is incorporated into the on-line rheometer and RH7 software: 
Extensional Viscosity, 11 E 
(n + 1)2 0 5.2 
32 Tj 
(1ý4 
Figure 5.27 shows the extensional viscosity of the three types of polyethylene, 
calculated from the fi-ee convergence model, using Po values predicted from a linear fit 
through all dies. This shows LDPE to exhibit highest extensional viscosity, as a result 
of long chain branching. HDPE shows a similar behaviour in extension, but with a 
shift in stiffness, whereas the extensional viscosity of LLDPE remains relatively 
constant, with increase in extensional stress. Figure 5.28 shows the extensional 
viscosity of LDPE, calculated using the same model with Pos determined using a linear 
extrapolation through the pressure drop curve, a linear fit through dies of L: D 16 to 1, 
and a third order polynornial fit through dies of L: D <1. This shows a large effect on 
extensional viscosity which can be estimated as up to ± 30% depending upon the 
method of PO prediction. 
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Figure 5.27: Extensional viscosity of the three polyethylenes calculated from 
Cogswell's tangent model for free convergence 
16000- 
14000 
12000 
>ý 10000 
> 8000 
6000, 
41 4000- 
2000- 
0' 
linear (L: D 16 - 1) 
linear (z 11 dies) 
3rd order (L: D L 0.1) 
.............. .. 
0 500000 1000000 1500000 2000000 2500000 3000000 
Extensional Stress (Pa) 
Figure 5.28: Extensional viscosity of LDPE using tangent model for free convergence 
with dependence upon method of entry pressure determination 
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Gibson's [1988] model uses a "kinematically admissible" spherical velocity flow field 
to predict extensional viscosity from pressure drop measured through defted angles of 
convergence. Pressure drop is split into shear and tensile flow contributions: 
sina(l+cosa) P. 
r3)+I(cc - 
sin2a 5.3 
6082 
sina COSCt(j+COSCC)2 PS =y 11 1-zý 5.4 
_4(1-cosa)(l+2cosa)( 
ro, 
j- 
Where a= entrance semi angle 
r= radius before convergence 
ro = radius after convergence 
In the case of this work, the natural entry angle taken through the 180* angle dies was 
not known. However, Cogswell [ 1972] provided an analysis which allowed estimation 
of polymer melt entry angle from measured entry pressures, using either of the 
foRowing ratios: 
E= 2 5.5 
11 tan a 
2E 
=15.6 
I tan a 
The calculated values of entry angle are shown in figure 5.29. Branched LDPE was 
found to exhibit lowest entry angles (-45*), and this has been explained by the 
formatioP of large vortices (White and Kondo [1977]). HDPE exhibited larger entry 
angles, and LLDPE the largest. 
178 
85 
go 
75 
70 
u 65 
60 
55 
50 
45 
40 
LIDP 
HDPE 
0 500 1000 1500 2000 2500 
Shear Strain Rate Us) 
Figure 5.29: Estimated entry angles calculated using Cogswell's [1972] relationships, 
with 2nd order polynomial curve fits 
These estimated entry angles could then be used in the spherical velocity model with 
entry pressure measurements to predict apparent extensional viscosity. Figure 5.30 
shows the predictions of extensional viscosity for LDPE using Gibson's method, taldng 
entry angle as both predicted by Cogswell's analysis, and the die entry angle (90"), in -, 
comparison with Cogwell's free convergence model. This shows both models to 
predict a similar trend but with the Gibson model having much greater viscosity. Using 
an entry angle of 90* in this model has little effect on the predicted extensional 
viscosity, with the result of only a slight reduction. This shows the extensional 
viscosity of the LDPE to be strongly model-dependent, highlighting the general 
uncertainty concerning the measurement of extensional viscosity. Recent studies by 
Martyn [1995] showed extensional viscosities predicted using these models to be 
dependent upon die convergence angle, which suggests the models do not wholly take 
into account the factors which affect extensional flow. 
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Figure 5.30: Estimation of extensional viscosity of LDPE using Gibsons spherical 
velocity model with natural entry angle and 90" semi angle 
5.6 Specialist Rheometry 
The flexible nature of the on-line rheometer operation allowed the use of multiple 
geometry capillary dies and a range of processing rates. Several studies were carried 
out to assess the potential of measuring specialist rheological phenomena on-line to the 
extrusion process, which have been traditionally reserved for off-line measurement. 
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5.6.1 Melt Instability 
When processing certain materials, such as HDPE, above a critical rate, a distinct flow 
instability can be observed. This can be seen in pressure drop measurements during 
capillary flow, and can be used as a useful indication of the maximum processing rate 
in an extruder die. In the shear flow characterisations described in 5.1.1, when such a 
melt instability was observed, a range. of tests were carried out to examine it more 
ftilly. 
Firstly, the exact shear strain rate at which the instability occurred was determined. 
This was done by gradually reducing the range of processing rates in each test around 
the critical rate at which the instability occurred. Thus, after a number of steady shear 
tests, the critical shear rate could be pinpointed. Secondly, the tests were repeated for 
a number of intermediate length dies; 0.25 x 1,2 x 1,4 x1 and 8x1 rmn bore 
capillaries. This allowed an empirical exan-driation of the factors affecting the rate at 
which unstable flow occurs - die length, shear stress and shear rate. 
Figure 5.31 shows the pressure drop across a 16 x1 nun long die during an on-line 
rheometer steady shear test using HDPE. This showed that an instability in the flow of 
the material occurred when the set shear strain rate reached 3000 s". As the shear rate 
stage before this, 2500 sý' reached equilibrium, it can be concluded that the instability 
occurred between 2500 and 3000 sý'. A further set of steady shear tests was then 
carried out, in the range of 2500 and 3000 s-1, to measure more accurately the point at 
which the instability occurred. Ibis was found to lie between 2850 and 2900 s-'. 
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Figure 5.31: Pressure drop across a 16 x1 mm long die in OLR test using HDPE at 
200'C; evidence of melt instability 
During these experiments, it was noticed that the instability occurred in the long 
capillary die, but not in the flow over the same shear rate range through the orifice die. 
Capillary dies of I mm bore with lengths 2,4 and 8 n-on were then used in tests in the -- 
same shear rate range to examine at what die length the instability occurred. Figure 
5.32 shows the results of these experiments. 
The instability was found to occur in the case of the 8x1 mm bore long die, at a 
slightly higher shear rate (around 3100 s"), but not through the 4x1,2 xI or 0.25 x1 
nun dies. This implies that the critical rate at which instability occurs is die length (and 
therefore shear stress) dependent, and that below an L: D ratio of 8: 1, the instability 
either otcurs at higher shear rates than were measured during these tests, or does not 
occur at all. 
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Figure 5.32: Pressure drop through various length 1mm bore capillary dies on OLR 
using HDPE at 200"C; shear rate range 2500 - 3000 s-1 
This type of flow has been studied extensively, including most recently by 
Hatzikiriakos [1992a], Malkus [1990] and McLeish [1987]. Although the exact 
mechanism of the instability and the reasons why it occurs are still a disputed topic, it 
is generally accepted as being a result of a breakdown in steady flow in the melt 
reservoir above a critical shear stress, as opposed to 'sharkskin', which occurs because 
of melt rupture at the capillary die exit (and is more pronounced in shorter L: D ratio 
capillaries). This type of flow instability has generally been observed in polymers 
having a very high molecular weight and narrow molecular weight distribution. Ile 
most popular suggestion for its mechanism currently appears to be that above a critical 
shear stress in the melt reservoir, steady shear flow breaks down. leading to rupture and 
16 x1 nun die 
4xil mmdi 
0.25 xI inm die 
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a stick-slip phenomena in the capillary die or the formation of a high rate layer 
propagating into the capillary. 
This type of on-line rheological. test does not allow detailed rheologcial study of the 
flow mechanism, but does provide useful inforrnation regarding conditions which lead 
to its onset for polymers which have undergone typical processing histories prior to the 
OLR. This information is extremely useful in the field of die or nozzle design, as an 
instability in production wiH have significant effect upon the end product. A 
particularly useful application could be found in compounding, where additives are 
generaHy processed with the base resin to move this region of instabBity, in order to 
aid processing. 
5.61 Capillary Wall Slip Velocity 
A simplistic measurement of wall slip velocity can be carried out in capillary flow, 
using Mooney's method, described in section 3.4.2.5. This was carried out on-line, 
using capillary dies of differing diameter but the same L: D ratio. Five capillary dies 
were used, as shown in table 5.14. 
Steady shear flow tests were carried out using the same shear rate range for each 
'capillary die, which limited the maximum range possible for examination in each test. 
Three dies were used in each study and the bore sizes were chosen to suit the 
processilng range under examination. From the shear stress versus shear rate functions 
obtained, apparent shear rate could be plotted against L: D ratio at each shear stress, 
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allowing effective capillary wall slip velocity to be calculated and plotted against shear 
stress. This can then be used in analysis of capillary flow to modify apparent shear 
rate. 
Length (mm) Diameter(mm) L: D Ratio 
32 2 16 
24 1.5 16 
16 1 16 
12 0.75 16 
8 0.5 16 
Table 5.14: Capillary die geometries used for wall slip velocity studies 
This procedure was carried out using the HDPE described in chapter 4 at a range of 
shear strain rates between 50 and 250 s". Figure 5.33 shows the measured shear 
stresses for the three capillary dies used (8 x 0.5,12 x 0.75 and 16 x1 mm). This 
shows a shift in the apparent shear rate which increased with decreasing die diameter. 
Mooney's method assumes slip velocity to be a unique function of true shear rate at 
the die wall, as shown in equation 5.7. Tberefore, as true shear rate is equal in each 
die at constant shear stress, apparent shear rate increases with decreasing capWary 
radius. 
9 4v 
AY TRUE -R 5.7 
For lines of constant shear stress, apparent shear rate can then be plotted against 
reciprocal of die radius. This was done for a number of shear stresses in the measured 
range, and the resulting apparent shear rates shown in figure 5.34. For each line of 
185 
constant stress, a linear curve fit was applied (average correlation coefficient of 0.992), CP 
the slope of which is equal to four times v, the slip velocity. Slip velocity was then 
plotted against shear stress, as shown in figure 5.35. 
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Figure 5.33: Shear stress measured through dies of the same L: D ratio for HDPE at 
200'C on OLR 
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Figure 5.34: Apparent shear rate versus 1/ capiHary die radius for HDPE at 2000C on 
OLR 
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Figure 5.35 shows that in the apparent shear stress range examined (110 - 180 kPa), 
the HDPE was found to exhibit wall slip up to 6 nun/s. This was found to increase 
with shear stress in a non-linear manner, and a second order polynomial curve fit was 
found to correlate best with the data, producing a correlation coefficient of 0.997. 
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Figure 5.35: Effective capillary wall slip velocity from Mooney's method, for HDPE at 
200*C from OLR; 2nd order polynomial curve fit 
The experiments were repeated using the 30% weight carbon black filled HDPE. -- 
Figure 5.36 shows effective capillary wall slip velocity of both the unfilled and 30% 
carbon black filled grades. The filled grade was examined in a higher shear stress 
range because, for the same set shear strain rates, the stiffer filled melt exhibited higher 
shear stresses. 7be effective wall slip velocities for the filled grade appear to follow 
the same trend as the unfilled grade, with slightly lower velocities. It could be expected 
that a reasonably high loading of filler would affect the slip characteristics of a polymer 
more significantly than was measured. However, the spherical nature of the filler 
particles may act as more of a lubricant than non-regular shaped fillers. 
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Figure 5.36: Effective capillary wall slip velocity for unfilled HDPE and 30% carbon 
black filled HDPE on OLR at 200*C; with 2nd order polynomial fit through unfilled 
data 
This effective capillary wall slip velocity is obviously a simplification of the true 
rheological phenomena occurring, and treats the flow field as the addition of a power 
law viscous shear flow with a plug flow, i. e. the whole volume of melt sliding along the 
capillary. Actual flow during slip is thought to consist of two or more high-slip layers 
at the die wall, with viscous shear flow occurring towards the centre of the capillary 
(Hatzikiriakos and Dealy [1992a]). 
However, this analysis provides useful data which rmy be used as a correction of 
measured shear flow experiments. This is necessary when the rheological data 
obtained is to be used in design of extrusion dies etc., or as an input into a more 
detaile4 numerical model. Wall slip is an important factor in high shear processes such 
as cast film extrusion, which is an easily overlooked phenomena (Worth and Parnaby 
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[1977]). Omitting Bagley correction of the shear stress measurements is a possible 
source of error, and for a more accurate calculation of slip velocity, orifice die 
measurements should be made as well. 
The results obtained in these experiments correlated reasonably well with published 
studies of capillary wall slip of polyethylenes. Hatzikiriakos and Dealy [1992b] using 
off-line capillary rheometry found various high density polyethylenes to exhibit slip in 
the shear stress range examined above, in a similar magnitude to the results obtained 
above (between 2-8 rnnVs). None of the published studies concerning wall slip in 
capillary flow have used in-process measurements, but collected experimental data 
using off-line capillary and rotational melt rheometry. In-process indication of slip 
could prove useful in compounding operations. 
5.6.3 Stress Relaxation 
In an attempt to examine the effect of filler loading on the viscoelastic behaviour of the 
melt, on-line relaxation tests were carried out. This simplistic test was performed by 
driving melt flow through a capillary at constant pump rate for a specified time, and 
then measuring pressure drop signal across the capillary once the gear pump had been 
stopped. This test is not a measurement of pure relaxation, as pressure drop decay is a 
function of not only relaxation within the melt, but also viscous flow through the die 
driven by remaining pressure. Thus the test is useful only for an empirical study of 
relax4on rather than for measurement of a true rheological property. 
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Ile tests were perfonned during extrusion at constant throughput and screw speed. 
Capillary dies used were a 16 xI nun long die and a 0.25 x1 nun orifice die. The 
OLR gear pump was -run in manual purge mode for a period of one minute, before 
being stopped. The pressure signal was logged throughout the test using a Microlink 
data acquisition module. The test was then repeated for both dies, and a variety of 
filled and unfilled grades of materials, in order to examine effect of loading on the 
relaxation curve. 
The relaxation tests were carried out using two materials with both unfilled and filled 
grades. These were the LDPE with 0 and 50 wt% Mg(OH)2 Mer, and the HDPE with 
30 wt% carbon black filler. Figure 5.37 shows the pressure decay of the unfilled and 
filled LDPE through a 16 x1 nun long die, and figure 5.38 the pressure decay through 
the corresponding I mm bore orifice capillary. 
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Figure 5.37: Pressure decay versus time from a flowrate of 10 cc/min through a 16 x1 
mm long die for filled and unfilled LDPE on OLR at 200*C 
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These figures appear to indicate a significant difference between the pressure decay in 
the filled and unfilled material, through both the long and orifice dies, although the 
difference in shearyiscosity of the two grades makes direct comparison difficult as the 
grades relax from a different initial pressure. To quantify pressure decay, the time 
taken to relax down to 20% of initial pressure was calculated. Miese results for LDPE 
are shown in table 5.15, together with results from unfUled and 30wt% carbon black 
filled HDPE. 
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Figure 5.38: Pressure decay versus time from a flowrate of 10 cc/min through a 0.25 x 
I mm orifice die for filled and unfilled LDPE on OLR at 200*C 
Long Die (16 x1 mm) Short Die (0.25 x1 mm) 
Material Filler Content 
M 
Initial Pressure 
(NIPa) 
Time (s) Initial Pressure 
(MPa) 
Time (s) 
LDPE 0 25.8 30 5.0 6 
LDPE 50 [Mg(OH)21 28.2 38 5.5 7 
HDPE 0- 22.4 26 5.6 8 
HDPE 30 [C. B. ] 25.9 28 7.7 8 
Table 5.15: Summary of the relaxation times to 20% of initial pressure through long 
and short capillaries measured on OLR 
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Table 5.15 shows that in the case of the LDPE, Iong, die pressure decay was affected 
most by loading of 50wt% Mg(OH)2 filler, taking 26.7% longer to decay to 20% of 
.ii imtLal pressure. Short die pressure decay was also affected to a slightly lesser extent 
(16.7% longer). Steady shear flow test results in section 5.1.1 showed entry pressure 
measurements to be affected more by the introduction of a filler than the long die 
pressures. This could indicate that the relaxation test is not solely dependent upon 
shear flow behaviour. Results for HDPE showed that the introduction of carbon black 
had negligible effect on both long and short die pressure decays (causing an increase in 
decay time of less than 10%). Steady shear flow measurements found a 30% carbon 
black loading to produce significant effect on the shear viscosity of HDPE, but to 
produce little change in entry pressure measurements. Cogswell [19811 stated that 
although fillers of low aspect ratio generally increase flow viscosity with a constant 
shift to the unfilled resin, the elastic response of the filled melts is generally reduced. 
These results suggest the increase in shear viscosity produced by the loading of a fdler 
is being masked by the decrease in elastic response during pressure decay. 
These measurements provide little quantitative engineering data regarding the elasticity 
of the material under test. However, discrepancies between the results and steady 
shear flow measurements suggest a dependence on not only viscous shear properties, 
but possibly on material relaxation. Although there has been no known published 
studies using this capillary technique to measure relaxation, it is known that the 
method has been used industrially in an attempt to monitor material parameters such as 
filler content by means of a simple rheological measurement (Moses [19961). The test 
I 
method could be used to compliment other on-line rheological measurements, although 
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some validation would be required before the results could be utilised. The simplicity 
of the test method could sensibly allow it to be carried out at the end of a steady shear 
characterisation, and could provide useful empirical data concerning filler content. 
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Chapter 6 
Process Monitoring 
Introduction 
This chapter describes experiments carried out to examine the conditions to which melt 
under on-line rheological test is subject (temperature, pressure and shear strain rates), 
and to assess the ability of the OLR to control these variables during testing. Ile 
effect of the testing process on melt rheology and molecular characteristics is 
examined, as is the effect of carrying out on-line tests on extrusion process variables. 
6.1 On-Line Rheometer Melt Fressure Variation 
A series of tests were carried out to measure and analyse variation in flow generated 
by the on-line rheorneter gear pump, in comparison with variation in extruder screw- 
driven flow, and piston-driven flow in a capillary rheometer. Precision gear pumps are 
described as "pulseless" by manufacturers, but by nature of their operation must 
generate some form of pulsing effect. The aims of these tests were to measure process 
variation, to analyse gear pump driven flow in an attempt to determine the magnitude, 
frequency and cause of any cyclic variations. Variation in gear pump-driven flow was 
compared to piston-driven flow of the off-line rheometer, and screw-driven flow in the 
extruder. Extruder and transfer pipe pressures were also monitored to asses the effect 
j 
of abstracting a melt strearn on process conditions during extrusion. 
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6.1.1 Comparison of Pressure Variation in OLR, RH7 and Twin Screw Extruder 
To determine the magnitude of variation in the gear pump-driven OLR melt flow, 
pressure drop across a 16 x1 nun capiRary die using LLDPE at 200"C was monitored 
at constant gear pump speed. This was carried out using a Microlink data acquisition 
module at a frequency of 1 Hz over a period of five minutes, and repeated at a range of 
gear pump output rates. Data was then analysed, and mean, standard deviation and 
coefficient of variation calculated. Melt pressure in the die zone of the twin screw 
extruder was monitored at a fi-equency of 1 Hz at constant screw speed and 
throughput rate, and the same statistical analysis performed. Pressure drop across a 
long capillary die (16 xI nun bore) in the RH7 off-line capillary rheometer was also 
monitored at I Hz at constant piston speed, allowing variation in the three flows to be 
compared. 
Figure 6.1 shows the variation in melt pressure measured in the die reservoir of the on- 
line rheometer, at a gear pump output rate of 10 cc/rnin. through a 16 x1 mm long die- ' 
(producing an apparent wall shear rate of 1704 s-'). Measured pressure fluctuated 
bctween 28.1 and 28.8 MPa, with a mean of 28.5 MPa. 
Gear pump output 
rate (cc/n-dn. ) 
Apparent shear 
rate (s-') 
Mean pressure 
(MPa) 
Standard 
dev'n (MPa) 
Coefficient of 
variation (%) 
5 852 23.95 0.0429 0.001794 
10 1704 28.5 0.0546 0.001927 
15 2356 29.25 0.0654 
1 
0.002237 
20 3408 30.73 0.0739 1 0.0024 
Table 6.1: Analysis of vaýiation in OLR melt flow; 16 xI nun die, LLDPE at 180"C 
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Figure 6.1: Pressure variation in melt flow in the OLR reservoir, gear pump output rate 
10 cc/ffiin., 16 x1 mm long die, LLDPE at I 80"C 
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Figure 6.2: Pressure variation in melt flow in the RH7 reservoir; piston speed 
66.66 mrn/min., 16 x1 mm long die, LLDPE at 180*C 
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Statistical analysis of this fluctuation at four pump output rates is sununarised in table 
6.1, and shows an average coefficient of variation for the four rates to be 0.002091%. 
The coefficient of variation increased with increasing pump output, suggesting higher 
gear pump speed produced a noisier flow. 
Figure 6.2 shows the variation in melt pressure measured in the melt reservoir of the 
RH7 piston driven rheometer through a 16 x1 nun long die at a piston speed of 66.67 
mnVmin., which produces apparent wall shear rates of 2000 s". Pressure ranged from 
30.2 to 30.5 MPa, with a mean of 30.34 MPa. Table 6.2 shows the statistical analysis 
of melt pressure at four piston speeds; an average coefficient of variation of 
0.001288% was found. 
Twin screw extruder melt pressure variadon (at the die entrance) is shown in figure 
6.3. This shows that at a significantly lower mean pressure than sampled in the 
rheorneter tests (6.83 MPa compared to around 30 MPa), pressure varied between 6.2 
and 7.3 MPa, with an average coefficient of variation for three different screw speeds 
of 0.03972% (table 6.3). A longer terni sinusoidal. variation was identified, with a 
time period of approximately 40 seconds. This type of variation is common in 
extrusion, and has been attributed to temperature change or variation in feed (Tadmor 
and Klein [ 19701). 
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Piston speed 
(mm/niin. ) 
Apparent shear 
rate (s-') 
Mean pressure 
(MPa) 
. Standard 
dev'n (MPa) 
Coefficient of 
variation (%) 
16.67 500 22.89 0.0239 0.001048 
33.33 1000 25.67 0.0324 0.001263 
50.00 1500 27.26 0.0417 0.001529 
66.67 2000 30.34 0.0398 0.001312 
Table 6.2: Analysis of variation in RH7 melt flow through a 16 xI mm die, using 
LLDPE at 180'C 
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Figure 6.3: Pressure variation in melt flow in the twin screw extruder die entry; screw 
speed 100 r. p. m. for LLDPE at 180'C 
Screw speed 
(r. p. m. ) 
Apparent 
shear rate (s") 
Mean pressure 
(MPa) 
Standard dev'n 
(MPa) 
Coefficient of 
variation (%) 
1 
50 395 6.0250 0.2307 0.03829 
75 395 6.0089 0.2856 0.04753 
100 395 6.8319 0.2279 0.03335 
Table 6.3: Analysis of variation in twin screw extruder melt flow through a3 mm 
diameter rod die, using LLDPE at 180"C; constarit throughput of 3 kg/hr 
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7bese results show that the fluctuation in melt flow generated in the on-line rheometer 
gear pump is greater than that of the piston driven RH7 (75% higher), but provides 
significant dampening over process noise of the extruder (325% higher than in the 
RH7). Gear pumps are generally used in extrusion to reduce fluctuation in melt 
pressures in order to provide a more homogenous supply of material to the die and 
produce consistent extrudate. However, in a precision application such as rheological 
measurement, any variation in melt flow may affect the equilibrium values determined 
by the software, which are used to calculate theological parameters. The above results 
show that the magnitude of variation in the OLR melt flow is more than a tenfold 
decrease than that in the extruder itself, and is less than twice that in the extremely 
stable flow in the off-line RH7. Tberefore, it can be assumed that gear pump driven 
flow may be used to calculate rheological measurements on melts, although the 
variation may slightly decrease sensitivity and accuracy. 
6.1.2 Analysis of Cyclic Variation in OLR Melt Flow 
High speed monitoring software (Monicon2 data collection program described in 
chapter 4.6) was used to detennine the frequency at which cyclic variations in on-line 
rheometer melt flow occurred. Pressure transducer output was monitored at three 
frequencies at a range of gear pump output rates, and a detailed analysis of the output 
carried out. 
In each test, extruder screw speed and throughput were kept constant. The on-line 
rheometer melt pump was purged at constant rate through a 38 x3 nun bore capillary, 
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for around half a n-dnute to ensure steady state conditions. Data acquisition software 
was then initiated to monitor rheorneter pressure drop across the capiUary. Three 
frequencies were used in the tests, and the length of sample time chosen to provide 
approximately two thousand data points in each case, as shown in table 6.4. 
Frequency (Hz) Sample Period (s) 
1 2000 
20 100 
50 40 
Table 6A Monitoring frequency and sample length during high-frequency pressure 
study 
Four pump speeds were used, to cover the ftffl range of output rates, as shown in table 
6.5. The fi-equencies of pump revolution, individual gear tooth meshing, and pump 
motor speed are dependent upon pump output rate, and these are shown for the four 
rates used in the tests in table 6.5. 
Gear pump 
output rate 
(cc/min. ) 
Shear rate 
through 38 x 
3 mrn die (s") 
Pump 
revolution 
freq. (Hz) 
Pump teeth 
meshing 
freq. (Hz) 
Pump motor 
fi-equency 
(Hz) 
Extruder 
screw freq. 
(Hz) 
9.95 50 0.23 5.88 5.65 1.67 
15.91 100 0.45 11.80 11.35 1.67 
23.86 150 0.68 17.68 17.00 1.67 
31.81 200 0.91 23.61 22.70 1.67 
Table 6.5: Range of output rates, corresponding shear rates and system frequencies 
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Data was analysed using Fast Fourier Transforms (FFT). Fourier Transforms are 
based on the theory that complex waveforms; comprise of a number of sinusoidal 
components, and can be separated into these components and their harmonics. The 
Fast Fourier Transform is a mathematical method developed in order to carry out this 
transform with reduced computation. Bracewell's [19781 text provides a useful 
introduction to its applications, mainly in the field of electronics. The FFr tool returns 
power spectra for a set of data points, allowing power versus frequency to be plotted. 
Power (or magnitude) is the squared modulus of the Fourier Transfon-n. Cyclic 
variation in the data appears as peaks in this plot, so the frequency at which such 
variation occurs can be linked to physical features of the rheometer. 
Figure 6.4 shows an example of the Fourier Transform plot returned on a sample of 
pressure fluctuation in the OLR melt flow, at a gear pump rate of 9.95 cc/min., logged 
at 1 Hz. This allows examination of fi-equencies of 0.5 Hz and below, as FFr analysis 
holds for frequencies up to half the sample rate. Two peaks can be seen clearly. The 
first occurs at very low frequency and increases exponentially approaching zero (the 
first few points on the graph have been omitted in order to examine higher frequencies 
in more detail). This is due to backgound noise which has no fi-equency, i. e. the 
equivalent to the DC component in electronics. The second peak occurred at a 
frequency of 0.22 Hz, which corresponds closely to the set gear pump speed, which 
was 0.226 Hz. A third, smaller peak can be seen at twice the frequency of this peak, at 
half the intensity. This is a hannonic of the peak at 0.22 Hz. 
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Figure 6A Fast Fourier Transform of on-line rheometer melt flow through a 38 x3 
nun capillary die at a gear pump output rate of 9.95 cc/min., logged at 1 Hz 
This result shows that a cyclic variation was detected, which correlated closely with 
the set pump revolution rate, although the measured cyclic variation was found to 
occur at a slightly lower frequency. This was also found to be the case at a pump 
output of 15.91, with a peak occurring at 0.44 Hz, corresponding closely to the pump 
rotation of 0.45 Hz (a full set of results in graphical form is included in appendix E). 
At higher pump output rates of 23.86 and 31.81, pump rotation frequency was higher 
than 0.5 Hz and therefore higher than could be measured by sampling at 1 Hz. 
Sampling at 20 Hz detected a peak corresponding to pump revolution in the case of 
150 and 200 s' shear rates, although these peaks were very close to the background 
noise and long term variation. At the highest sampling frequency of 50 Hz, no periodic 
variation could be detected at frequencies corresponding to either gear tooth meshing 
frequency or pump motor frequency, indicating that these had negligible effect on melt 
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flow. At this frequency, the variation due to gear pump rotation could not be seen due 
to background noise. Cyclic variations did appear to occur at all four shear rates when 
sampling at 50 Hz, although these did not appear to correlate with any known 
variations within the rheometer. Also, these variations did not appear to be constant in 
each case, or increase with increasing pump output, suggesting a possibility of random 
or background noise. 
This study shows that a pulse in melt flow was detected at a frequency closely 
corresponding to pump rotation speed. However, the magnitude of these pulses 
compared to general background noise was found to be relatively small, and could be 
expected to have negligible effect in theological measurements. There does not appear 
to have been any published studies which have used a similar method in the analysis of 
a gear pump driven melt flow. The method has, however, been used to analyse the 
larger scale variations encountered in extrusion melt flow. Pabedinskas and Cluett 
[1992] used FF17 in an analysis of extruder driven flow into a wedge-shaped in-line 
theological die, and a combination analogue to digital filter was developed to remove 
the resulting low frequency variation. 
6.1.3 Effect of OLR Operation on Extrusion Pressure Conditions 
A series of tests were carried out to assess the effect of running the OLR on twin 
screw extruder operating pressures. OLR and extruder pressure drop was monitored 
during various extrusion and on-line rheometer conditions. The positions of the 
pressure transducer locations are indicated in figure 6.5. 
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Figure 6.5: Pressure sensor locations 
The twin screw extruder was first run for a period of approximately half an hour to 
reach steady state operating conditions. Data acquisition from the six pressure 
transducers was then initiated at 1 Hz, for one minute, before the rheometer gear pump 
was started. This was run for one n-dnute, then stopped, with pressure drop being 
monitored continuously. Mie material used was HDPE, processed at 2000C, and the 
test variables used were: 
9 On-line rheometer gear pump output rates: 5,10,15 and 20 cc/min. 
e Extruder throughputs: 3,6 and 9 kg/hr. 
* Extruder screw speeds: 75 and 150 r. p. m. 
Figures 6.6 and 6.7 show examples of the pressure measurements made using extruder 
mounted transducers in ports 1-5 during extrusion at 3 kg/hr. 
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Figure 6.6: Measured extruder and transfer pipe pressures at an extruder throughput of 
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Figure 63: Measured extruder and transfer pipe pressures at an extruder throughput of 
3 k&/hr, screw speed 75 rpm at gear pump rate of 20 cc/min. 
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Figures 6.6 and 6.7 show that pressure in the OLR transfer pipe decreased 
instantaneously as the rheometer gear pump was started. Pressure drop along the pipe 
can also be seen in the measurements, dependent upon gear pump output rate. 
Pressure in the extruder before and after the OLR melt take-off also decreased during 
gear pump operation. This pressure drop was smaU in the case of pump output 5 
cc/min., but around 10 % at the highest pump output of 20 cc/niin. Figure 6.8 shows 
the mean pressure drop in the extruder at four gear pump outputs, and a range of 
extruder throughputs. This shows pressure drop ranged from less than 1% to over 
10% at highest pump speed and lowest throughput. The magnitude of pressure drop 
decreased as extruder throughput increased, and at the nmximum throughput of 9 
kg/hr, the drop was 5%. This throughput is small in comparison to most industrial 
processes, so it can be assumed that for significantly higher extruder throughputs, this 
pressure drop would be negligible. The percentage of OLR volumetric: throughput of 
total extruder throughput for these four output rates are shown in table 6.6. Any 
pressure drop during production could affect extrudate dimension and exit rate, which 
is important in end processing, but not so much in processes such as compounding. 
Percentage of total extruder throughput 
OLR output 
(cc/min) 
3 kg/hr 6 kg/hr 9 kg/hr 
5 7.9 4.0 2.6 
10 15.9 8.0 5.3 
15 23.8 11.9 7.9 
20 31.8 15.9 10.6 
Table 6.6: OLR throughput as a percentage of total extruder throughput 
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Figure 6.8: Mean pressure drop in the die of the twin screw extruder due to operation 
of on-line rheometer gear pump; at three extruder throughputs 
A typical on-line rheometer steady shear test was also run (using a 16 xI rmn bore 
long die and 0.25 x1 nun bore orifice die), with pressure being monitored from the six 
transducers, to assess the effect of a test (which involved stepping gear pump rates) on -- 
the extrusion- process. Figure 6.9 shows results of the pressures logged during a seven 
stage shear rate test. This shows maximum pressure change in three distinct stages: 
long die test, short die purge and short die test. The difference between variation in 
OLR and extruder melt pressure examined in section 6.1.1 can be seen clearly, with 
OLR melt pressure (gear pump driven) being notably less noisy than that in the 
extruder and transfer pipe (screw driven). 
Figure 6.9 shows that the nmximum pressure in the rheometer melt reservoir occurred 
at the highest shear rate stage through the 16 x1 mm long die, and reached 270 bar 
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(27 MPa)- At this point, pressure in the transfer pipe outlet, i. e. feed to the rheometer 
gear pump, decreased to approximately 40 bar. This means that a pressure differential 
across the gear pump (i. e. outlet pressure - inlet pressure) was around 230 bar. 
Efficiency of the gear pump is known to be dependent upon pressure differential, and 
the calculated output of the pump (0.584 cc/revolution) occurs when inlet pressure 
equals outlet pressure. However, at pressure differentials of over 200 bar, quoted 
pump efficiency is extremely high (above 99%). 
The relatively smaU drop in pressure in the extruder (-10%) can be seen when the 
rheometer pump speed reaches maximum. Pressure drop along the length of the 
transfer pipe can also be seen, which increased with increasing flow rate. Figure 6.10 
shows the mean pressure drop versus distance along the transfer pipe, for various flow 
rates. This showed the pressure drop to be linear, with average correlation coefficients 
of 0.9965. Pressure measured along the length of the transfer pipe exhibited pulsing in 
phase with the extruder pressure, but pressure drop along the length was more stable. 
An example of pressure drop along the OLR transfer pipe at highest OLR pump output 
is shown in figure 6.11. This shows the pressure drop rose almost instantaneously on 
pump start up, and peaked before returning to a steady value. This effect is most likely 
to result from the time taken to reach steady shear flow conditions along the pipe, and 
would not affect pressure differential across the OLR gear pump. 
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Figure 6.10: Mean pressures along transfer pipe length (HDPE at 200*C at extruder 
throughput 9 kg/hr) with linear fits 
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Figure 6.11: Pressure drop along transfer pipe length at OLR gear pump output 
20 cc/niin., extruder throughput 3 k&ft 
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6.1.4 Summary of Results 
The above study of pressure variation in the extruder and on-line rheometer has shown 
the following: 
- The OLR gear pump provided significant dampening over extruder process noise. 
Piston-driven flow in the RH7 produced a more stable melt flow than the OLR. 
* Cyclic variation was found in OLR melt flow at a frequency corresponding to gear 
pump rotation. Gear pump tooth meshing, extruder frequency and pump motor 
frequency were found to have no measurable effect on melt flow. 
- Pressure in the twin-screw extruder die was found to drop by up to 10% due to the 
action of the OLR melt stream abstraction, at low throughputs. 
- During an OLR test, the maximum pressure differential across the gear pump was 
found to be 240 bar. 
6.2 On-Line Rheometer Melt Temperature Variation and Control 
A series of tests were carried out to measure melt temperature in the twin screw 
extruder, rheometer transfer pipe and melt reservoir during on-line melt strearn 
abstraction. Four types of melt temperature sensors were used: 
9 Dynisco MTX infra-red sensor 
9 Insulated J-type melt thermocouple 
* Traversing J-type melt thermocouple 
* Nanmac 'eroding' melt thermocouple 
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6.2.1 Comparison of Temperature Sensors 
Experiments were carried out to compare the four different types of temperature 
sensors. These were inserted into ports in the extruder, prior to the die (figure 6.12). 
The extruder was run at constant throughput and screw speed and temperatures 
logged from the sensors. 
'ransfer 
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Figure 6.12: Positions of the melt temperature sensors 
Figure 6.13 shows the variation in measured melt temperature during extrusion at set 
temperature of 200'C, at relatively low throughput and screw speed. Shear heating 
increased the melt temperature by around 9'C, and temperature can be seen to vary 
periodically during extrusion. The MTX temperature sensor and traversing melt 
thermocouple (protruding 5 mm into the melt) showed close agreement in measured 
temperatures (to within 0.31Q, and were able to track melt temperature closely. The 
MTX infra-red sensor has significantly faster quoted response times, but in this case 
the changes in melt temperature were gradual. The standard melt thermocouple 
(whose, tip, protrudes approximately 2 nun into the melt) measured slightly higher 
temperatures (up to 0.8"C higher), and tracked drifts in melt temperature less 
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-- Nxtructate 
accurately. This is thought to be due to the thermocouPle reading being influenced 
by metal wall temperature, reducing its sensitivity to melt temperature measurement. 
The MTX sensor also exhibited lowest noise during readings. This agreed with the 
conclusions of Shen et al [1992], whose studies of temperature measurement in 
extrusion found an infra-red sensor to provide fast response times, in comparison 
with contact thennocouples. 
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Figure 6.13: Extruder melt temperature measured by various sensor types; set 
temperature 200'C, at throughput 3 kg/hr, screw speed 75 r, p. m. 
The Nanmac eroding thermocouple was also compared to the above sensors, and 
found to be able to track melt temperature well, but exhibited an offset of +1.5*C 
from the above. Also, the wedge geometry of the tip made this thermocouple 
unsuitable for temperature measurement in small channels (such as the OLR transfer 
pipe and melt reservoir), due to large deformation of the melt around it. 
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After these initial experiments, it was decided to use the two MTX sensors and the 
traversing thermocouple in order to examine temperature in the OLR barrel and 
transfer pipe during a range of extrusion and OLR gear pump conditions. 
6.2.2 Extruder Melt Temperature 
The six sensor ports shown in figure 6.5 were used to accommodate temperature 
sensors at a range of extruder and rheometer conditions. Ilie two infra-red sensors 
were used consecutively in sensors ports one and two, three and five, and then five and 
six for a range of process conditions (chosen to complement the melt pressure studies 
described in section 6.1) for HDPE processed at a set temperature of 200*C: 
9 On-line rheorneter gear pump output rate: 5,10,15 and 20 cc/rnin. 
* Extruder throughput: 3,6 and 9 k&/hr 
o Extruder screw speed: 75 and 150 r. p. m. 
Several of the experiments were then repeated using the traversing melt thermocouple 
in order to validate the measurements made using the infra-red sensors. 
Figure 6.14 sununarises results using the infra-red sensors in transducer ports one and 
two (in the twin screw extruder). This shows that the measured temperature at aU 
, 
processing conditions was significantly higher than the set temperature of 200'C, and 
was dependent upon screw speed. This is typical of the twin screw extrusion process, 
in particular with closely intenneshing screws which produce shear heating in the melt, 
and highlights the importance of effective temperature conditioning when making any 
sort of theological measurement. Negligible difference was found between 
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temperature of the melt in the extruder before and after OLR melt take off, so figure 
6.14 contains data from only the infra-red sensor in port number one (from figure 6.5). 
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Figure 6.14: Temperature measured in the twin screw extruder at a range of processing 
conditions with linear fits; set temperature 200"C, HDPE 
6.2.3 On-Line Rheometer Transfer Pipe Melt Temperature 
Figure 6.15 shows typical results obtained from using the two infra-red sensors at 
either end of the OLR transfer pipe (sensor ports 3 and 5 in figure 6.5). At these 
processing conditions of 6 kg/hr extruder throughput and screw speed 150 rpm, figure 
6.14 shows the extruder melt temperature to be approximately 237C. Figure 6.15 
shows temperatures monitored at static conditions (0 - 60 seconds), during OLR 
pumping (60 - 120 seconds), and after the pump stopped (>120 seconds). 
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Figure 6.15: Temperature in the OLR transfer pipe from infra-red sensors; HDPE at 
set temperature 200"C, 6 kg/hr throughput, screw speed 150 rpm, OLR pump 20 
cc/minute 
It can seen from figure 6.15 that before start-up of the OLR gear pump, static 
temperature of the melt in the transfer pipe was between 12 and 13*C above the OLR 
set temperature. This was found to be the case in aU experiments, when measured on _, 
both infra-red and contact melt thermocouples. This offset in melt temperature is most 
likely to be as a result of an error occurring between the melt temperature and 
temperature measured by the controlling PRTs, which are located in the metal of the 
transfer pipe, approximately 5 nun from the melt surface. Any inefficiency in 
measurement of the metal temperature by the controlling thermocouple would result in 
overheating by the heater bands. 
After one n-dnute, the OLR gear pump was initiated, and both temperatures increased 
to reach an equilibrium, with outlet temperature lagging by a time of approximately 
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eighteen seconds. Before this, inlet temperature first increased by around one degree, 
and then dropped sharply by three degrees before increasing again to reach 
equilibrium. This effect may result from pressure change in the melt, as this decreases 
almost instantaneously on pump start-up (section 6.1.3). Inlet temperature was most 
affected by the flow of extruder melt at higher temperatures, increasing by around 
11T (to 223'Q, in comparison to a 4*C increase in outlet temperature (to 217"C). 
Ibis shows that the transfer pipe was able to condition the melt at these conditions, but 
not enough to completely compensate for the temperature rise. 
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Figure 6.17: Melt temperature measured in the OLR transfer pipe using infra-red 
sensors at a range of extrusion conditions (all set temperatures 200"C) 
Figure 6.17 shows a summary of results from this range of experiments at best and 
worst case conditions, i. e. highest and lowest throughput and screw speed. This shows 
that at the maximum extruder throughput, screw speed and OLR pump output rate, a 
temperýture rise near the inlet of approximately 201C was measured, which had 
decreased to 7.5"C by the outlet. Conversely, at a throughput of 3 k&lhr and screw 
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speed of 75 rpm, maximum temperature rise in the inlet was around 2*C, which was 
reduced to PC before reaching the rheometer. This shows the transfer pipe was able 
to condition the melt temperature well, which aids temperature control during a test. 
6.2.4 On-Line Rheometer Melt Reservoir Temperature 
To investigate melt temperature in the on-line rheorneter reservoir, further tests were 
carried out, with the MTX infra-red sensors located in ports five and six (from figure 
6.5). To simulate a steady shear test using 16 xI nun bore capillary, the gear pump 
was run for one minute at a speed corresponding to test shear rates. Temperature 
from the exit of the transfer pipe and in the rheometer barrel was monitored in each 
case. A3x3 nun short die was also used to measure long-term effect of the OLR 
pump on melt temperature at a range of OLR gear pump output rates. Figure 6.18 
shows an example of experimental results of one test using a 16 x1 nun long die, and a 
OLR gear pump output rate of 8.84 cc/rninute (producing apparent shear strain rates 
of 1500 s"). The pump was started after one minute. ne melt temperature in the 
rheometer reservoir showed an initial rise of approximately 3*C, and then fell to a 
temperature approaching that of the melt in the transfer pipe, before rising again after 
the pump had been stopped. The initial rise is thought to be a result of the large 
pressure increase in a short amount of time (from 0 to 28 MPa in a few seconds). The 
decrease is a result of melt at lower temperature being pumped into the rheometer 
barrel. The temperature at the outlet of the transfer pipe exhibits negligible change 
after pump start up, although it can be seen to decrease slightly after pump start up (60 
1 
seconds) due to pressure drop, and rise slightly after pump stoppage (120 seconds). 
218 
219 
218 
217 
216 
215 
214 
213 
212 
211 
210 
0 20 40 60 80 100 120 140 160 180 200 
Tune (s) 
Figure 6.18: OLR melt temperatures during start-up of OLR gear pump; HDPE at 
200'C, pump output rate 8.84 cc/min, 3 kg/hr throughput, s. s. 75 rpm 
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Figure 6.19: Temperature rise in OLR melt reservoir on start up of gear pump through 
16 x1 mm. long die and 3x3 nun short die with linear fits; HDPE at 2000C 
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Results of the initial temperature rise in the melt -reservoir 
for the full range of 
conditions are sunu-narized in figure 6.19. This shows that the increase in melt 
temperature rose with increasing pump rate, and was greater in the case of the 16 x1 
nun die. This suggests a dependence upon melt pressure rather than simply processing 
rate, as pressure drop through the long die was significantly higher than in the case 
of the short one. Maximum temperature rise was found to be 3.7 *C at the highest 
processing rate. This compares closely with a recent study by Reilly and Oliver 
[1994], who measured temperature rise in the barrel of an off-line capillary rheometer 
using an infra-red sensor and found maximum temperature rise to be around 5"C when 
ramping up quickly to high shear rates. This was attributed to adiabatic heating within 
the melt due to compression. This temperature rise is a result of ramping from zero to 
high pressure instantly, and in actual rheological tests shear rates (and therefore 
pressure) would be increase more gradually, and would produce a smaller temperature 
rise. 
This measured temperature rise has implications in rheological measurements, although 
the effect is not limited to process rheometers. The temperature of the melt under test 
will depend on the time taken to reach equilibrium - figure 6.18 shows that for this 
specific test, measured melt temperature may range from 213 to 219*C depending 
upon the length of the stage. This rmy result in increased variation in test results, 
although a temperature change of one or two degrees had a relatively small effect on 
the rheological properties of the polyolefins used in this study. 
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A3x3 mm short capillary die was used to assess long term effect of gear pump action 
on melt temperature at pump speeds 5,10,15 and 20 cc/n-dn. for a period of ten 
minutes. Figure 6.20 shows temperature in the melt reservoir at a pump output rate of 
10 cc/n-dn. The pump was started after one minute and run for ten minutes. 
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Figure 6.20: Temperature in the OLR reservoir (from MTX sensors) during melt 
pumping at 10 cc/minute through 30 nun die; HDPE at set temperature 2001C 
Figure 6.20 shows that OLR melt reservoir temperature was found to rise initially by 
2*C and then fall to 2.5*C below its original temperature. During the ten minutes the 
pump was run, only a slight increase in temperature in the OLR melt reservoir was 
measured, and this was probably due to increase in temperature in the transfer pipe. 
This suggests the rheorneter gear pump has little long term effect on melt temperature. 
On-line rheometer melt reservoir temperature was also measured using a contact 
thermocouple -a traversing J-type with two mrn diameter tip. Figure 6.21 shows 
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results of using this during OLR gear pump operation at 15 cc/min., with the tip 
protruding two and seven rnilýetres into the melt. In each case the gear pump was 
initiated after one minute, and run for five minutes, for a3x3 nun capillary die . This 
shows that in both cases, a static melt temperature of around 13 *C above the set value 
was measured, which decreased as melt at lower temperature was pumped from the 
transfer pipe. At a protrusion depth of 7 nun, the thermocouple was more sensitive 
than at 2 nun, and detected the short-term rise in temperature associated with adiabatic 
heating. This suggests that at a protrusion depth of 2 rmTl, the thennocouple is 
influenced by the wall temperature of the metal. These results show good agreement 
with the non-contact infra-red sensors, indicating that the two techniques of 
temperature measurement correlate in this application. 
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Figure 6.21: OLR melt reservoir temperature measured using traversing J-type 
theROcouple at protrusion depths of 2 and 7 mm; HDPE at set temperature 200"C 
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61.5 Summary of Results 
The experimental work concerning temperature variation and control in the on-line 
rheometer suggested the following: 
4, Melt temperature in the twin screw extruder was found to be up to 37*C higher 
than the set barrel temperature during harshest extrusion conditions due to shear 
heating, highlighting the need for efficient melt conditioning during in-process 
rheological measurements. 
* Static melt temperature in the OLR transfer pipe was found to be offset from the set 
temperature by around + 1011C. 
e Melt temperature was found to rise in the extruder side of the transfer pipe by up to 
around 20"C at high rheometer pump outputs, but decreased significantly along the 
transfer pipe. Mwdmum melt temperature rise measured at the outlet was found to 
be around 7"C. 
9 Static melt temperature in the OLR reservoir was found to be between 12 and 15 
*C above set temperature. 
eA short-term rise in melt temperature was found in the reservoir, dependent upon 
melt pressure drop through the capillary die. 
- After this initial rise, melt temperature was found to decrease as melt at lower 
temperature from the transfer pipe was introduced. 
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6.3 Residence and Response Time 
Experimental runs were carried out to examine the residence time of polymer melt in 
the extrusion process and response time of on-line rheological measurement at a range 
of processing conditions. The aim of these tests was to identify the response of the 
OLR with respect to extruder residence time, which is an important factor in process 
monitoring, particularly in process control applications. Two methods were used: 
introduction of pigmented masterbatch and a step-change of material in extruder 
feedstock. 
63.1 Residence Time Measurement using Pigment 
During steady state extrusion, a single granule of red pigment was added into the 
extruder feed hopper. Ile length of time until the first appearance of colour in the 
extrudate was noted (tf), and the length of time to last appearance (to. The median 
residence time of the pigment in the extruder was then calculated from (4-tf)/2 . This 
was carried out using the following process variables: 
9 Extruder throughput: 3 and 5 kg/hr 
IJ 9 Extruder screw speed: 50,75 and 100 r. p. m. 
Extruder median residence times are shown in figure 6.22. 
These tests were then repeated, with the on-line rheometer gear pump being run at a 
range of constant outputs. The time taken for pigmented material to exit the rheometer 
die block was noted, and the length of time for which it could be seen, so the median 
2'214 
residence time in the extruder plus rheometer could be calculated. Rheometer pump 
output rates used were: 7.5,15,22.5 and 30 cc/min. Figure 6.23 shows median 
residence time of the extruder plus on-line rheometer at various screw speeds. 
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Figure 6.22: Median residence time of melt in the twin-screw extruder at various 
conditions, with 2nd order polynomial curve fit 
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Figure 6.23: Median residence time of melt in the extruder plus on-line rheometer at a 
range of screw speeds. at throughput 5 kg/hr, with 2nd order polynomial fits 
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Median residence time of melt in the OLR could then be estimated by subtracting the 
residence time in the extruder from that of the extruder plus OLR. This method 
neglects the transit time of melt in the extruder, passing from OLR melt stream 
sampling until exiting the extruder die, so this was estimated as one minute in all cases 
(from the approximate melt volume at typical processing rates). Results are shown in 
figure 6.24. This showed the estimated median residence time in the OLR to be the 
linearly dependent upon OLR pump output rate, and to be independent of extruder 
screw speed (within experimental error). Estimated median residence times ranged 
from approximately one to five minutes. 
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Figure 6.24: Estimated mean residence time of melt in the OLR at various extruder 
screw speeds, at throughput 5 kg/hr 
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6.3.2 OLR Response Time Measurement using a Step-Change in Feedstock eý 
In an experiment related to the residence time tests, response time of OLR 
measurement was assessed by introducing a step change in material feed (i. e. polymer 
grade) to the extruder, with the rheometer melt pump being run at constant output. 
The extruder was run at constant temperature, throughput and screw speed, and the 
rheometer gear pump run at constant rate. Melt pressures in the extruder die and 
across the rheorneter capillary die (16 xI nun bore) were monitored at 1 Hz. Ile feed 
material from one hopper of the loss-in-weight feeders was then stopped, and a second 
grade of material was immediately fed from another hopper at the same rate. Four step 
changes in material were monitored, at the following processing conditions: 
* Extruder throughput: 3 kg, /hr 
* Extruder screw speed: 100 r. p. m. 
e Extruder and on-line rheometer set temperature: 180 *C 
* On-line rheorneter pump output: 5,10,12.5 and 15 cc/n-dn. 
Response time for the on-line rheometer and extruder detect a change in pressure, and 
time to completion of changeover was then measured. An example of one step change 
in material is shown in figure 6.25, with feed being changed from PM6100 
polypropylene to SM6100.7be OLR gear pump was run at 15 cc/minute, with a 16 x 
I nun long capillary die. The step change in feedstock was introduced at 300 seconds, 
and after approximately one n-dnute the extruder die pressure exhibited a drop before 
returning to its initial value. This then began to decay after approximately 3 rninutes, 
and tooi around 45 minutes to reach equilibrium for the new material. The OLR 
began to track the feed change after 4 minutes and took around 37 minutes to 
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completely track the change. Results of the step-change experiments are surnmarised in 
table 6.7. 
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Figure 6.25: OLR response to a step change in extruder feedstock; PM6100 
polypropylene to SM6100 at OLR gear pump rate 15 cc/min.; extruder throughput 3 
k&/hr, s. s. 100 rpm 
OLR pressure drop (min. ) 
OLR pump output 
rate (cc/min. ) 
From To Start Finish 
5 KF6 100 (PP) PM6100 (PP) 4.3 40 
10 LDPE KF6100 (PP) 4.2 40 
12.5 SM6100 (PP) VM6100 (PP) 4.2 38 
15 PM6100 (PP) SM6100 (PP) 4.0 37 
Table 6.7: OLR response time to step change in extruder feedstock at extruder 
throughput 3 k&/hr, screw speed 100 rpm 
223 
The results showed that rheometer pump output rate had negligible effect on response 
time. This may be a result of response time being largely dependent upon residence 
time of the extruder, although the test method is somewhat subjective and 
experimental error may have been a significant factor. In large scale industrial 
applications running at high throughput, response time would be significantly reduced. 
The above results compare reasonably well with published studies using on-line 
rheometers. Gottfert [1986,1991] found the By-Pass Rheograph to take 13.5 minutes 
to detect a step change in feed and 80 minutes to track a complete change, and the 
more complex Real-Time Rheometer (using three gear pumps) one minute to detect 
and ten to completely track the change. Blanch et al [1984] reported that the 
Rheornetrics Melt Flow Monitor responded to a step transition in melt viscosity in 
times ranging from 15 to 40 minutes. 
6.4 On-line Rheometer Flowrate Measurement 
In an attempt to validate quoted efficiency of volumetric output from the OLR gear 
pump, flowrate measurements were made on rheometer extrudate. This was done 
simply by weighing a slug of rheometer extrudate over a period of time in cons=t 
gear pump purge mode. The extruder was first run to reach steady state, and then the 
rheomdter purged for half an hour to remove potentially degraded material. Waste 
extrudate from the rheometer was cut flush to the bottom of the rheometer block, and 
the gear pump started. After ten minutes the pump was stopped and the extrudate slug 
I 
cut flush to the rheometer block. 'Me material was then left to cool and weighed on a 
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balance (Mettler BB244, sensitivity ±0.001g). This procedure was repeated ten times 
and an average mass value taken. The HDPE described in chapter 4.7 was used at 
200*C. 
Melt density at processing temperature was calculated using the Rosand RH7 twin 
bore capiUary rheorneter in PVT (pressure/volumeltemperature) test mode. In this 
test, the capillary is substituted by a plug, allowing melt to be compressed and pressure 
measured. For a known mass of polymer, density at any temperature and pressure can 
be calculated. A more detailed description of the PVT test is included in appendix F. 
Theoretical volumetric output of the on-line rheometer pump was calculated, and 
compared to the value obtained from the measured sample. 
6.4.1 Experimental Results 
The measured weights of extrudate slugs are shown in table 6.8 
Sample number Mass (kg) Sample number Weight (kg) 
1 0.07393 6 0.07363 
2 0.07372 7 0.07348 
3 0.07353 8 0.07404 
4 0.07409 9 0.07387 
5 0.07331 10 0.07360 
Average Mass (kg): 0.07372 
Standard Deviation (kg) 0.00026 
Table 6.8: Measured mass of extrudate slugs of HDPE through OLR at gear pump 
output rate 10 cc/min. 
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The volumetric output rate of the OLR could then be calculated: 
Average extrudate sample mass: 0.07372 kg ± 0.00078 
Melt Density at 200*C (from PVT test): 765 kg/m3 
Volume = 
Mass 
Density 
Volume = 
0.07372 
= 9.67xlO-5m' 765 
The theoretical melt volume was 100 cc, which equals lX10-4 M3 
6.1 
Therefore, measured volume = (9.67/10) x 100 = 96.7 % of theoretical (or set) 
volume. Using a confidence interval of ± three times standard deviation on measured 
sample masses produces a range of 95.3 to 97.4%. 
These results suggest that the melt pump employed in the OLR was between 95.3 and 
97.4% efficient when pumping HDPE at 200"C. This incfficiency would have 
significant effect on rheological properties, as the pump output rate detennines 
apparent shear strain rate. However, this discrepancy is relatively small when 
considering the crude nature of the experiment, and possible errors in melt density 
determination. Pump efficiency is checked by the pump manufacturers using a test rig, 
which measures back pressure at standard conditions. Ile quoted efficiency with a 
pressure gradient across the pump such as was used in this experiment is over 99%, 
although tooth wear would reduce this value. This work highlights the need for 
accurate measurement of volumetric melt flowrate, a measurement which has eluded 
the polymer processing world for a number of years. Several novel methods such as 
use of ultrasound (Brown [1995]) show potential, although the reality of practical 
measurement in the near future is unlikely. 
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6.5 Effect of On-line Rheometer Gear Pump on Malt Characteristics 
The effect of testing polymer melt using a gear pump driven flow was examined using 
rheological and molecular testing. This was carried out using a LLDPE and a LDPE. 
6.5.1 Processing Effect on Melt Rheology 
The extruder was run at steady state conditions with the rheometer run in constant 
purge mode. Samples of extrudate were collected on exiting the die, and samples of 
rheometer effluent were taken. These were then tested in steady shear flow on the 
RH7 off-line capillary rheometer using the method described in section 5.2.1., to 
measure any rheological differences. An unprocessed sample was also tested. Shear 
flow and entry pressure results for LDPE are shown in figures 6.26 and 6.27. 
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Figure 6.26: Effect of processing and OLR testing on shear characteristics of LDPE 
I processed at 210"C; measured on RH7 at 210T 
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Figure 6.27: Effect of processing and OLR testing on entry pressure characteristics of 
LDPE processed at 2101C; measured on RH7 at 2100C 
A measurable difference between the theology of the unprocessed grade and the two 
which had been extruded can be seen, in both shear flow and entry pressure 
measurements. Shear stress measurements were found to increase by approximately 
4% after extrusion, and entry pressure measurements by around 12%. Difference in 
rheology between samples which had been extruded, compared to those which had 
been extruded and OLR tested were negligible, indicating the added effect of on-line 
rheometer testing on this material was also negligible. Results using LLDPE showed a 
decrease in shear stress of around 4% after extrusion, and an increase in entry pressure 
of approximately 12%. OLR testing showed little effect on shear flow characteristics, 
but appeared to increase entry pressure values by a further 2%, although this increase 
is smaller than the experimental error occurring in the tests (see chapter 7.3). 
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6.5.2 Processing Effect on Molecular Characterisation 
Molecular characterisation was carried out using G. P. C. (gel permeation 
chromatography) on samples of extrudate, OLR extrudate and virgin material. This 
was done externally by RAPRA - the EPSRC polymer characterisation. service. GPC 
is a form of size exclusion chromatography which provides an indication of molar mass 
distribution., A fuller description of the technique is included in appendix G. This was 
carried out using the linear HDPE, long-chain branched LDPE and short-chain 
branched LLDPEs described in chapter 4.7. 
Figure 6.28 shows a plot of molecular mass distribution for the three samples of 
LDPE. This shows the molecular characteristics to be very similar, although a slight 
difference between the unprocessed and extruded samples can be detected. 'Mis shows 
the unprocessed sample to have slightly narrower molecular weight distribution, and 
the processed samples to contain higher weight fraction at the high molecular weight 
end. No measurable difference was seen between the extruded samples, and extruder 
plus OLR tested samples. This suggests that processing does have an effect on the 
molecular weight characteristics of this LDPE, although its magnitude is small, and 
that the on-line rheometer does not show an added effect over extruded material. Ile 
molecular weight distribution plots also suggest that extrusion has the effect of 
increasing molecular weight distribution and the fraction of molecules of high 
molecular weight. This would explain the rheological results in 6.4.1 which showed 
shear stiffness to increase slightly after processing, and entry pressures to increase by a 
larger amount. 
I 
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Figure 6.28: Molecular mass distribution by GPC of LDPE with different processing 
histories (sample I= unprocessed, sample 2= extruded, sample 3= extruded + OLR 
tested). 
This increase in high molecular weight fraction suggests that some cross-linking .. 
occurred during extrusion, producing a greater amount of long chain molecules. This 
type of reaction has been described during polyethylene processing by Kircher 
[1987]. High shearing and processing temperature can lead to chain cleavage to 
produce radicals. These then remove hydrogen atoms from the carbon chain, which 
can result in dimerisation of the free radicals to cross-link the chains. This reaction 
is'more probable in highly branched polyethylenes as hydrogen atoms are more 
readily removed at points where branches join the carbon backbone. The reaction 
can also be aided by the presence of oxygen, which can form a peroxide free radical 
which produces the same effect. These reactions are described in appendix H. 
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Molecular weight characterisations carried out on two linear materials, LLDPE and 
HDPE, showed no measurable difference could be seen in average molecular weight or 
molecular weight distribution. 
6.5.3 Summary of Results 
The experimental results reported in this section have shown that: 
9 Processing was found to affect the rheology of the branched polyethylenes studied. 
*A measurable change in molecular weight distribution was detected in a long-chain 
branched material which appeared to be due to cross-Unking, however only a 
change in rheological results was found for the short-chain branched material. 
- No change was found in the case of linear HDPE. 
- No measurable additional effect could be detected due to OLR testing. 
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Chapter 7 
Discussion 
7.1 Introduction 
This chapter aims to summarise and discuss the experimental results described in 
chapters 5 and 6 with respect to initial project aims. Overall performance of the on- 
line rheometry technique is discussed and compared with other methods of process and 
laboratory rheometry. 
Measurement of process variation in the OLR and twin screw extruder is discussed in 
relation to the accuracy, repeatability and sensitivity of rheological results. Use of the 
on-line theological technique to examine entry flows is discussed and compared to 
previous developments reviewed in chapter 3. OLR design is discussed with regards 
to accuracy, repeatability, robustness and ease of use, and suggestions for - 
improvements in the design are proposed. The potential for use of the technique for 
process monitoring or control in a production environment is discussed. 
Local discussion of specific results, provided throughout chapters 5 and 6 is developed 
to form a 'global' discussion of overall performance of on-line rheometry. 
The main objective of the project was summarised in chapter I as: 
The validation of on-line rheometry for accurate and robust measurement of the 
rheological characteristics ofpolyolefins during the extrusion process. 
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Particular project aims were to: 
1. Develop a prototype on-line rheometer to a level where melt characterisfics can be 
measured successfuUy. 
2. Design and produce a system where various capiHary dies can be used in theological 
tests, and measure the on-line rheology of a selected range of linear and branched 
polyolefins. 
3. Exan-dne the correlation between theological characteristics measured on-line with 
those obtained from a laboratory (off-line) rheometer. 
4. Assess repeatability of the on-line and off-line rheometry to detennine confidence 
limits. 
5. Assess the capability of the OLR to measure filled material systems, and its 
sensitivity in identification of filler loading. 
6. Investigate entry flows into orifice dies on-line to the extrusion process. 
7. Examine the effect of OLR testing on melt rheology, degradation and molecular 
characteristics. 
8. Examine the effect of OLR testing on extrusion process conditions. 
Section 7.2 provides a brief summary of key experimental results from chapters 5 and 
6. In sections 7.3 to 7.6 the relevance of these results to project aims and other issues 
is discussed. 
238 
7.2 Summary of Key Results 
7.2.1 In-Process Rheometry 
OLR steady shearflow characterisations were carried out using three polyethylenes - 
a linear HDPE, shprt-chain branched LLDPE and long-chain branched LDPE, and four 
polypropylenes of differing molecular weight. These tests showed that over a range of 
shear strain rates applicable to the extrusion process, all materials could be 
distinguished in both shear stress and entry pressure characterisations. 
LLDPE was most viscous in shear flow, compared to HDPE and LDPE. Quoted MFI 
values were found to be inadequate in ordering the polyethylenes in shear flow across 
typical extrusion shear rates. LDPE was found to exhibit highest entry pressures and 
LLDPE the lowest. Reduction of polypropylene molecular weight caused both shear 
viscosity and entry pressure to decrease. Orifice die pressure was found to be affected 
by change in molecular weight significantly more than long die pressure drop. 
Effects of Filler Loading: Introduction of a magnesium hydroxide flame retardent fiHer 
was found to increase shear viscosity and entry pressure drops of LDPE. Shear and 
extensional viscosity increased with increasing filler loading, but for five levels of 
loading only the unfilled and the highest loading (50 wt%) could be distinguished from 
three intermediate levels. Entry pressure drop measurements were affected by filler 
loading than more than long die pressure drop measurements. A 30 wt% loading of 
carbon black significantly increased the shear viscosity of HDPE (by around 50%), but 
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had a less significant effect on entry pressure drop measurements (around 7% 
increase). 
On-line versus off-line rheometry: On-line rheometry of the mnge of polyolefms 
compared adequately with off-line rheometry in identical test conditions. On-line 
characterisations generally exhibited slightly lower shear stress measurements, offset by 
between 1.6 and 9.3%. Entry pressure drop rneasurements were also found to be 
lower when measured on-line, by between 7.3 and 25.3%. In both shear and entry 
pressure, the introduction of filler appeared to reduce the correlation between on-line 
and off-line techniques. 
In-line rheological. measurements from a slit die at various extruder throughputs 
showed reasonable correlation with on-line and off-line measurements in shear flow for 
unfilled and 50 wt9o' Mg(OH)2 filled LDPE, over a limited range of shear rates. Due to 
shear hcating in the extruder, melt temperature in the in-line die was found to vary by 
over 30'C, and so a temperature compensation was carried out using activation energy 
at different temperatures. This was found to shift in-line shear characterisations closer 
to off-line measurements, although at low shear rates (below 150 s"), in-line 
measurement of shear stress remained significantly higher. Entry pressure 
measurements made at the entrance of the in-line slit die exhibited similar trends and 
magnitude to those measured through capillary dies in the OLR. 
Repeatability tests for on-line and off-line characterisations using LDPE at the sarne 
I 
test conditions showed long die pressure drop measurements to exhibit greater spread 
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from on-line characterisations, with higher standard deviation. The average coefficient 
of variation was approximately three times higher in the OLR than from off-line 
measurements. Orifice die pressure drop measurements exhibited a similar trend. 
OLR orifice die studies to examine entry flows found die pressure drop at a range of 
shear rates to be relatively linear from dies of L: D 16 to - 0, although for dies 
approaching orifice, a non-linearity was found to occur in three polyethylenes, between 
L: D of 0.2 - 0.75 mm. The gradient of the pressure drop versus L: D plot appeared to 
decrease below a certain critical length by a factor of between 1.5 and 1.7, for linear 
and short-chain branched grades, and to increase by a factor of 1.5 for LDPE. The 
critical length to diameter ratio at which the non-linearity occurred appeared to 
increase with amount of branching. Similar results were found when the experiments 
were repeated using off-line rheometry. This non-linearity was found to have 
significant effect on prediction of zero length entry pressures. Linear and polynorriial 
curve fits were applied to the pressure drop versus L: D ratio plot for dies approaching 
orifice, and Po values predicted from the intercept. These were found to be dependent 
upon the fit used for extrapolation, with differences in predicted Po varying by up to 
15% using different fits. A third order polynomial curve was found to best fit the 
pressure drop plot for dies of L: D less than 1. 
Apparent extensional viscosity: Two fi-equently-used models were used to estimate 
extensional viscosity from the predicted Po values for the three polyethylenes. LDPE 
exhibiteý significantly higher apparent extensional viscosities than HDPE and LLDPE. 
Apparent extensional viscosity of LDPE was found to vary by up to 30% depending 
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upon the method of Po prediction used. Natural entry angle taken by the melts 
through the 180* entry angle dies was estimated; these found LDPE to have smallest 
entry angle (semi angle approximately 45"), with HDPE next smallest (around 55* semi 
angle), and LLDPE largest (between 62 and 83* semi angle). For all three materials, 
entry angle decreased with increasing shear strain rate. 
Specialist rheological measurements such as melt instability and capillary wall slip 
were made using the OLR, utilising the multiple die geometry and shear rate range 
capability to examine phenomena usually limited to off-line measurements. An 
instability was observed in the shear flow of HDPE at shear rates of around 2800 sý' 
through long dies, and capillary wall slip up to 6 mnVs was found. 
7.2.2 Process Monitoring 
Pressure fluctuation in OLR pump-driven melt flow was found to dampen extrusion 
process noise by a factor of ten, and had twice the coefficient of variation of piston- 
driven flow in the off-line capillary rheometer. Analysis of OLR pressure fluctuation 
using Fast Fourier Transforms detected a cyclic variation at a frequency closely 
corresponding to gear pump rotation speed, although no effects from extruder screw 
rotation, gear tooth meshing and melt pump motor rotation were observed. 
Pressure monitoring: Extruder die pressure was found to drop by up to 10% at 
maximum OLR flowrates, but was found to be negligible at higher extruder I 
throughputs. Pressure drop along the OLR transfer pipe was found to be linear, and at 
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highest OLR throughputs and lowest extruder throughputs dropped to below 20 bar, 
where cavitation was observed. During a typical OLR steady shear test, pressure 
differential across the gear pump was found to reach a maximum of 240 bar. 
Melt temperature monitoring: Melt temperature in the twin screw extruder was found 
to rise by up to 37"C above its set value due to shear heating. Static temperature in 
the transfer pipe of the OLR was shown to be offset from its set value by 
approximately +12*C, and was found to be effective in conditioning melt temperature 
along its length. Static melt temperature in the reservoir of the OLR was observed to 
be offset by 15"C above set temperature. A rise in melt temperature up to 4*C was 
found, on start-up of the OLR gear pump. 
Median residence time of material in the twin screw extruder ranged from 200 to 520 
seconds at a range of screw speeds and throughputs. Median residence time of melt in 
the OLR ranged from one to five minutes, and was dependent solely on gear pump 
output rate. The OLR detected a step-change in extruder feedstock after 
approximately four minutes, and took around forty minutes to completely track the 
change. 
Effect of OLR testing on melt sample: A measurable difference in melt rheology was 
observed after extrusion, although negligible differences were seen after OLR testing. 
Molecular weight distribution was found to increase after processing LDPE, and the 
number, of high molecular weight molecules increased. No measurable change in 
molecular characterisations was detected in LLDPE and HDPE. 
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Z3 On-Line Rheometer; Overall Performance 
On-line rheometry was used to characterise various polyolefins at a shear rate range 
from 10 - 7,000 s", through capfflary dies of diameters between 0.5 and 2 mm. Both 
shear stress and entry pressures were measured, allowing exan-dnation of shear and 
extensional melt properties. Ilie materials tested ranged from extrusion grades of 
polyethylene (with quoted MFI values 0.25 - 0.9 g/l0min. [ISO 1133]) to low viscosity 
polypropylene grades with MFI over 21 g/lOmin [ISO 1133]. On-line rheological. tests 
were able to distinguish between the three polyethylenes and polypropylenes at a range 
of shear strain rates. Two heavily4iUed systems were tested without adverse effect on 
the rheometer gear pump. 
The use of a gear pump to was found to provide a reasonably stable melt flow and 
appeared not to have detrimental effect on melt rheology and molecular weight 
characteristics or induce significant rnelt heating, other then that caused by adiabatic 
compression during an OLR test. 
These results showed that the on-line technique was able to fulffl initial project airm of 
characterising polyolefms at a processing range associated with extrusion, using 
various test conditions. The flexible nature of the capillary die block allowed die 
geometry to be chosen to suit the particular material and range under test, and also 
facilitated the exan-dnation of 'specialist' rheological phenomena. The accuracy, 
repeatability, sensitivity and robustness of the test method, together with its effect on 
melt unaer test and extrusion process is now discussed in more detail. 
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73.1 Comparison with Off-Line Capillary Rheometry 
In direct comparison with off-line capillary rheometry, for the M range of materials 
tested a good correlation was found. In all cases, excellent agreement was found in the 
gradient of the flow characterisation in both shear' stress and entry pressures. 
However, most on-line measurements were offset consistently lower than those 
measured off-line, by varying amounts. This offset was relatively small in shear 
(generally under 10%), and higher in entry pressures (approximately 15-20%). 
This offset resulted from lower pressures being measured in the OLR at the same set 
conditions as off-line tests (temperature, flowrate and capillary die geometry). This 
could be due to a number of factors: 
* Error in pressure measurement 
9 Inaccuracy of temperature control 
* Inaccuracy of flowrate, generation 
* Effect of extrusion on melt theology 
Pressure transducer output was independently logged during tests and manual 
calibration curves used as a look-up table to calculate pressure. Therefore, error in 
pressure measurement was assumed to be negligible. Ile pressure transducer had also 
been calibrated at processing temperature, using an oil-filled manifold, to overcome 
any errors which occurred due to heat-up of the transducer diaphragm. 
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Measurement of melt temperature in the OLR barrel showed an offset from the set 
temperature by around 15"C. 7be rheology of polymer melts is generally 1-dghly 
temperature dependent, so a temperature rise of this magnitude would explain a 
significant reduction in capillary die pressure drop. To examine the influence of this 
temperature rise on OLR results, a steady shear test on LDPE was repeated, at an 
OLR set temperature of 15"C below that of the off-line test. Figures 7.1 and 7.2 
shows the results of these tests in shear stress and entry pressure which show 
extremely good agreement from both techniques. Average deviation in shear stress 
was approximately 2.5% for the unfilled material and 3.5% for the filled grade, 
compared to 3.4 and 9.3% respectively when the two tests were run at the same set 
test temperatures (figure 5.16). The improvement in correlation in entry pressure is 
even greater, with average deviation now approximately 2% for both filled and unfilled 
grades, compared to 10.2 and 18.9% at the same set temperatures (figure 5.17). This 
suggests that the inaccuracy in temperature control is the main factor in the difference 
between off-line and on-line characterisations. 
The results now show that the on-line rheological measurements indicate slightly 
higher shear stresses and entry pressures than off-line measurements. This may be due 
to an over-compensation, i. e. that the temperature offset in the original comparisons 
was less than 15*C, or errors resulting from another source such as flowrate 
genemtion. 
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Figure 7.1: Shear characteristics of LDPE measured on OLR (set temperature 190'C) 
and RH7 (set temperature 205*C) 
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Figure 7.2: Entry pressure characteristics of LDPE measured on OLR (set temperature 
190'C) and RH7 (set temperature 205"C) 
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Repeatability experiments reported in chapter 5 were used to calculate error bars, 
based on plus and minus three times standard deviation (S. D. ) of pressure drop 
measurements. Average values of these error bars over a range of shear rates for the 
OLR and RH7 are shown in table 7.1. Error bars in the case of the OLR were larger 
for entry pressure than for shear stress, as a result of using the same pressure 
transducer for long and short die tests. 
OLR RH7 
Long die 
(16xlmm) 
Orifice die 
(0.25xlmm) 
Long die 
(16xlmm) 
Orifice die 
(0.25xlnun) 
S. D. 0.0596 0.0447 0.025 0.0157 
3xS. D. 0.1788 0.134 0.075 0.471 
Shear stress (kPa) 2.794 
r 
1.172 
Table 7.1: Error bars for OLR and RH7 pressure drop measurements calculated from 
repeatability experiments reported in chapter 5.4 
These error bars were then applied to OLR and RH7 test results for unfilled LDPE at 
set temperatures 190 and 2051C respectively, and are shown in figures 7.3 and 7.4. 
These show that most of the RH7 results lie within the error bars from OLR tests, 
indicating that the techniques agree at these conditions. The points at which RH7 
results lay outside the error bars were generally at higher shear rates. This could be a 
result of using average standard deviation in calculating error bars, when in fact the 
repeatability tests indicated a higher level of variation at high shear rates. Ideally, 
repeatability tests should be carried out at each shear rate stage in the range examined 
(50 - 1500 sý), although the large amount of experimental work required would be 
very time consuming. 
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Figure 7.3: Shear characteristics of LDPE measured on OLR (set temp 190*C) with 
error bars; and RH7 (set temp 205*Q 
6 
5 
; lý 
I 
0 
OIR set temp 1900C (± 3xS. D. ) 
RH7 set temi) 2050C 
I 
0 200 400 600 800 1000 1200 1400 1600 
Apparent Shear Strain Rate (Is) 
I 
Figure 7.4: Entry pressure characteristics of LDPE measured on OLR (set temp 
190"C) with error bars; and RH7 (set temp 205'C) 
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Measurement of gear pump output suggested an efficiency of 96.7% ± 1.4, although 
errors incurred during melt density calculation may have been larger. If this estimation 
of efficiency is accurate, it would have the effect of reducing flowrate and therefore 
apparent shear rate during a test, i. e. shear rates produced would be less than their set 
value. However, this would only result in a small reduction in melt pressure drop, 
significantly less than the measured discrepancy between on-line and off-line 
techniques. 
Volumetric melt flowrate is a difficult property to measure, and melt pumps such as the 
Zenith model used in this study are generally tested on a specialist flow rig which 
measures back pressure across the pump for a standard fluid, rather than by 
measurement of volumetric efficiency. The validity of collecting a semi-molten slug of 
extruded polymer and back-calculating the volumetric flowrate at melt temperature 
I 
and pressure is questionable, and the technique is clearly prone to error (as is the melt 
density calculation required). It is possible that an inefficiency in flowrate generation 
in this study was in part responsible for lower OLR pressure measurements, but at 
manufacturer-quoted efficiencies of weU over 99%, the magnitude of this inefficiency 
cannot be accurately estimated. Methods of melt flow measurement currently in the 
research stage (such as the use of ultrasound reviewed in section 3.7) rmy allow more 
accurate future measurements to be made. Process noise was found to be greater in 
the OLR than RH7, but this would not explain the consistent offset of results. Effect 
process noise will. be discussed in section 7.3.3 in relation to OLR sensitivity. 
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On-line and off-line correlation may also have been affected by the point in the process 
at which OLR measurements are made, i. e. just after the extruder screw. Here, the 
method of melting is a mixture of heating and shearing, as opposed to off-line tests 
where melting is by static barrel heating. This is an especially important point to 
consider for materials containing additives which effect processing characteristics, such 
as plasticisers and fiHers. 7bese may not have the same effect on melt rheology during 
a statically-heated off-line test. For both Mg(OH)2 filled LDPE and carbon black filled 
HDPE, the introduction of filler reduced the correlation between on-line and off-line 
techniques, suggesting that extrusion had produced a measurable effect on rheology. 
7.3.2 Comparison with In-Line Rheometry 
A comparison of on-line characterisations with those from an in-line rheometer (ILR) 
showed reasonable agreement, although in-line measurements exhibited a significant 
difference in flow curve gradient of LDPE. Tle flatter gradient indicated higher shear 
viscosity in-line than measured using the OLR and RH7 at low processing rates, and a 
lower viscosity at higher rates. Correction of the measured ELR bulk melt 
temperatures (172 - 214'C) to the set temperature of the OLR and RH7 (190"C) was 
achieved by activation energy calculation. This increased the gradient of the flow 
curve slightly, and shifted shear stresses closer to those from the off-line rheometer. A 
higher shear stress was still measured in the in-line die at low processing rates (around 
15% higher than off-line data and 25% higher than on-line measurements). Shear 
stresses from the in-line slit die are compared to those from the OLR and RH7 (with 
I 
error bars) in figure 7.5. 
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Figure 7.5: Comparison of shear stresses from OLR, RH7 and in-line slit die with error 
bars, unfilled LDPE 
These results suggested that the discrepancy between on-line rheometer measurements 
and those obtained off-line is not a result of melt rheology modification during 
extrusion, as this would have been reflected by in-line measurements. In-line shear - 
stresses were on average higher than those measured off-line, although an average 
difference of around 10% is considered a reasonable agreement between the two 
techniques. Possible factors for this apparent difference in shear viscosity include the 
foUowing: 
9 Tempemture difference - i. e. the superposition method did not provide sufficient 
correction for the measured bulk melt temperature. Further correction would 
improve correlation with off-line measurements at both low and high process rates. 
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9 Pressure measurement - melt temperatures varied by 4rC in the slit die, and 
pressure transducer signal may have been affected by this range. However, 
temperature measurements from similar wall mounted thermocouples have shown 
them to be dependent upon wall rather then melt temperature (section 4.4.3). Also, 
previous research by Speight [1993] has shown pressure transducer output not to 
vary significantly at processing temperatures (as opposed to the large variation 
between ambient and processing temperature). 
* Difference in flow geometry - the flow pattern developed in the slit geometry used 
for in-line measurements may produce a significantly different flow profile than 
capillary flow and influence rheological measurements (such as temperature profile 
across the flow, and wall slip velocity). However, the slit aspect ratio (26.7: 1) was 
sufficiently high for slit rheology derivations to be valid, and good agreement with 
capillary rheometry from similar dies has been shown previously using polyolefins, 
for example by Flening [1993]. 
The relative agreement of entry pressure (gradient and magnitude) measured at the 
inlet to the ELR slit die with OLR capillary die entry pressure was surprising. Direct 
comparison of flow through a tapered slot section and that into a 180* entrance 
capillary cannot be made without extensive analysis, although the good agreement 
suggests that a useful measurement of extensional flows could be made in a 
predominantly shear flow instrument. Such measurements could be of particular use 
for real-time process control applications where extensional melt properties are of 
prime cpncem. 
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7.3.3 Repeatability and Sensitivity of In-Process Rheometry 
Repeatability of OLR tests was found to be lower than corresponding off-line 
measurements. The coefficient of variation in OLR long and orifice die pressure drops 
was approximately three times higher then those from RH7 tests. This can be 
explained in part by the pressure analysis which showed gear pump driven flow to have 
on average twice the variation of the piston-driven flow in the RH7. This variation is 
thought to be largely due to gear pump pulsing and general noise in the OLR melt 
flow. As extruder screw rotation frequencies were not detected in OLR melt variation, 
it is assumed that extruder process noise was effectively dampened. The magnitude of 
process noise from the OLR, although ýigher than in the RH7 is considered to be a 
very stable flow, suitable for in-process measurements. 
Change in temperature in the OLR reservoir during a test may also contribute 
somewhat to this variation. Section 6.2.4 showed that melt temperature varied by ±YC 
in the sixty seconds after the gear pump was initiated, partly due to melt from the 
transfer pipe having a lower temperature. Calculated melt viscosity would vary 
according to the time taken to detect pressure drop equilibrium. Another variable 
introduced into on-line testing is the amount of time the material under test had been 
static in the OLR. A volume of approximately 50 cc of melt is contained in the OLR at 
any one time, so care should be taken to purge the instrument fiffly with fresh melt 
from the extruder before testing, especially for temperature sensitive materials. This 
procedure was followed during experimental work, although slight changes in the 
residence time of melt under test may have led to increased variation in results. 
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The larger coefficient of variation in OLR test results will affect the sensitivity of the 
technique. This may explain why intermediate levels of Mg(OH)2 loading could not be 
distinguished during on-line rheological characterisation, as opposed to corresponding 
off-line measurements. This may also be due to the lower number of OLR tests which 
were carried out on each grade (due to material constraints), whereas numerous off- 
line capillary tests could be averaged. To examine OLR sensitivity to Mg(OH)2 filler 
content in more detail, long and orifice die pressure have been plotted against filler 
content, together with error bars in figures 7.6 and 7.7. A straight line has been drawn 
between 0 and 50wt% filler content, to indicate linear dependence of rheology on Sler 
level, as found during off-line rheometry (see figures 5.9 and 5.11). 
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Figure 7.6: OLR long die pressure drop versus Mg(OH)2 filler content; with error bars 
and linear fit through 0 and 50% filled grades 
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Figure 7.7: OLR entry pressure measurements versus Mg(OH)2 filler content; with 
error bars and linear fit through 0 and 50% filled grades 
Figures 7.6 and 7.7 show that the error bars plotted in both long and short die pressure 
drop measurements are smaller than the increase in pressure assuming a linear 
dependence upon filler content. This suggests that the technique should be sensitive 
enough to detect changes in rheology due to filler loading. As RH7 tests could readily 
distinguish between the different grades of filler (chapter 5.1.2.3), it appears likely that 
a change in rheology occurred during extrusion, most likely due to additives causing 
slip at the melt surface as discussed previously in chapter 5.1. Off-line rheometry 
showed entry pressure measurements to provide a clearer discrimination of filler 
content than shear stress, whereas on-line rheometry shear stress and entry pressure 
measureTnents exhibited a similar ability to distinguish filler content. This is also 
assumed to be due to an effect of processing on melt rheology. 
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Repeatability of in-line slit die pressure measurements could not be made due to the 
large amount of material required. IILR measurements were calculated from the mean 
of pressures logged for at least five minutes and averaged, so this should reduce the 
effect of extrusion variation and tighten confidence limits. However, extrusion 
variations have been shown to occur with a longer time period than five minutes, such 
as those resulting from drift in barrel temperature or feedstock. The validity of making 
precise rheological measurements on such as noisy process flow may be questioned, 
although there is an inherent trade-off between response time and stability of test 
conditions when choosing a design of process rheometer. 
Sensitivity of ILR shear stress measurements in TSE to Mer content for the same 
grades of Mg(OH)2 fiRed LDPE has been found to be simUar to that of the OLR 
(Woodhead [1996]). A 50wt% filled grade of Mg(OH)2 could be distinguished, but 
unfilled and intermediate grades exhibited similar shear stresses. This was attributed to 
a combination of extrusion process noise, melt temperature variation due to shear 
heating and effect of processing on additives. Sensitivity to Her content was higher in 
a single screw extruder than in a twin screw extruder. This is presumed to be a result 
of the harsher shearing encountered by the melt in twin screw extrusion causing 
additives to rrdgate to the melt surface and induce slip. This supports the theory that 
processing has significant effect on the rheology of these compounds. An increase in 
time over wf&h die pressures were sampled may increase sensitivity, i. e. a longer 
sample time than the time period of the longest measurable cyclic extruder variation, as 
would filtering of extrusion process noise. 
I 
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73.4 Comparison with Previously Published Studies of In-Process Rheometry 
The range of rheological information obtained from OLR experiments compared 
favourably with much of the in-process rheometry previously reported. Many on- .e 
rheometers have been used solely for single point shear viscosity measurement, such as 
reported by Gottfert [1986], who compared constant stress tests to off-line MFI tests. 
Devices such as the by-pass rheometer characterised shear viscosity across a narrow 
range of shear rates (below 300 : ý) using a single capillary die. Only recently, the 
potential of measuring entry pressures using an on-line rheorneter has been 
acknowledged. Laney [1996] presented extensional viscosity measurements calculated 
using orifice die pressure drop in a dual-capillary on-line rheometer. Extensional 
viscosity was plotted for a polypropylene and polystyrene, although no comparison 
with off-line measurements were made, and the potential for continuous monitoring of 
extensional properties stated. This device also utilised capillaries of different diameter 
to examine flow rates of between 1.5 - 2400 sý'. Gleissle and Schulze [19951 used a 
modified stress-controlled on-line rheometer which incorporated a wedge section, thus' ' 
allowing calculation of MR, viscosity and power law flow exponents 'n' and T 
simultaneously. 
On-line rheometry does not appear to have been used for melt instability measurement, 
or effective wall slip detem-dnation. Woodhead [1995] used a modified Rosand on-line 
rheometer to measure melt die swell for correlation with other process measurements 
and Gottfert [1996] reported'the used of a modified on-line capillary rheorneter in 
which 
ihe 
pump operated in cyclic mode to allow dynamic shear deformation to be 
examined, with limited agreement with a laboratory rotational rheometer. 
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Comparison of rheological results have generally been made with off-line capillary or 
rotational rheometers. Most reported off-line comparisons have been limited to shear 
viscosity or MFI measurements. Of these, Gottfert [1991] found agreement with off- 
line MFI tests to be within 3.2%, although at low shear rates. Durnoulin [1993] 
reported agreement of shear viscosity to within 5% of a laboratory capillary rheometer, 
when using the Melt Flow Monitor. Ile results obtained in this study showed, in 
general higher deviation from off-line measurements, although for a significantly wider 
range of processing rates, and for shear and entry pressure measurements. However, 
figures 7.3 and 7.4 showed that at the same melt temperatures, OLR measurements in 
both shear and entry pressure were within 3% of corresponding RH7 data, which Iay 
within the estimated error bars for OLR test data. There does not appear to have been 
any published studies which have attempted to correlate process noise to the sensitivity 
or repeatability of in-process measurements. 
Correlation between in-line shear measurements and off-line data have generally been 
less convincing, with this discrepancy genera. Hy being attributed to shear heating. 
Springer [1975], Rauwendaal [1985] and Padmanabhan [1994] found viscosity 
measurements from an in-line die to be between 20 and 50% lower than those 
measured using off-line instruments. Turk [1985] observed a 30% difference between 
in-line and off-line pressure drop measurements, and found that a rotational on-line 
rheometer on the same process showed good agreement with the off-line data. These 
results may have been due to discrepancies between melt temperatures not being 
compensated for, or due to shear modification which can have significant effect on 
I 
melt rheology (Hanson [1970]). 
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Many experimentalists have quantified the performance of on-line rheometers by their 
response time to process changes. The By-Pass Rheometer detected the start of a 
reactive process after 13.5 minutes and took 80 minutes to completely monitor a 
change (Gottfert [1986]), which was reduced to 1 n-dnute and 10 minutes respectively 
in the three gear-pump Real-Time Rheometer (Gottfert [1991]). The Melt Flow 
Monitor was found to take 15 minutes to respond to a step-change in melt feed and 40 
minutes to track it completely (Blanch (19841), and a rotational rheometer was found 
to respond to a step change in 15 minutes (OrwoU [1983]). The Rosand OLR used in 
this work compared favourably, with response time of around 4 minutes to a step 
change, and around 40 minutes to completely track the change. However, OLR 
response time indicated a strong dependence upon extruder rather than rheometer 
residence time. 
The addition of extra gear pumps to increase response time of on-line rheometers is a 
contested point. On one hand, the potential for process control is enhanced by 
reducing response time, but the complexity and cost of the instrument is greatly 
increased. Such process rheometers have been designed to return melt to the process 
stream due to the increased volume abstracted from the process, but the returned 
sample may be more degraded than the bulk material. 
260 
7.4 Use of On-Line Rheometry for In-Frocess Entry Flow Examination 
Entry pressure drop is, in many applications, an extremely useful measurement to make 
in-process, and this has been shown in the experimental results to be more sensitive 
than shear flow measurements to molecular weight, amount of branching and in some 
cases, filler content. Entry pressure drop measurement has great potential for in- 
process monitoring in industrial applications such as melt fibre spinning or film 
blowing, where extensional melt characteristics are possibly the most important melt 
parameters during processing. 
7.4.1 Orifice Capillary Die Length Study 
The exan-dnation of pressure drop through a range of orifice dies (section 5.5) on both 
on-line and off-line had various aims: 
i) to examine the pressure drop versus L: D gradient at lengths approaching orifice, in 
order to see if the linear relationship found at higher L: D holds true. 
ii) to compare this relationship from on-line rheornetry entry flows to those obtained in 
off-line rheornetry. 
iii), to examine the effect of method of entry pressure prediction on apparent 
extensional viscosity using various models. 
A number of conclusions were drawn from the results. Firstly, a non-linearity was 
detected in the pressure drop vs L: D ratio for all materials. This contradicts most 
assumptions made in capillary rheometry where pressure drop is assumed to be linear, 
unless factors such as wall slip or a pressure effect on viscosity occurs. Cogswell 
[1981] noted that some experimentalists had noted a non-linearity in this region, 
although no reason was cited. 7be gradient of pressure drop versus L: D appeared to 
become non-linear in dies approaching orifice for three polyethylenes, indicating that 
the energy required to force melt through the die is dependent on more complex 
factors than just capillary land length. 
The theory that pressure drop has a linear relationship with L: D ratio assumes that 
pressure drop due to viscous flow is dependent upon die length, and pressure drop due 
to convergent flow and die exit pressure drop are independent of die length. At land 
length zero the shear flow component is zero, meaning that pressure drop is attributed 
to purely convergence into the orifice and die swell from it. These results suggest that 
convergent flow is more complex than this simplistic model of discrete shear and 
extensional flow. This is hardly surprising when considering the complex nature of 
polymer melts in general. It appears feasible that flow into capillaries of very small 
L: D ratio is dependent upon a more complex relationship between shear viscosity, 
extensional resistance and viscoelasticity. In order to quantify this, a useful study 
would be to carry out a flow visualisation experiment using dies of very low L: D ratio 
and measure the streamline patterns or stresses using birefringence. 
The second notable result which arose from this work suggested that the point at 
which the non-linearity in pressure drop occurred was dependent upon branching. The 
factor by which the gradient of pressure changed below this point was between 1.6 and I 
1.7, and was found to decrease for linear materials and increase for branched LDPE. 
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However, treatment of the experimental results (figures 5.23 - 5.26) as two discrete 
linear pressure drops (those above and below the non-linearity) may be misleading, 
especially as a third order polynomial curve was found to provide a best fit for dies of 
L: D <1. The L: D ratio at which the non-linearity was detected appeared to increase 
with amount of branching. This also supports a strong dependence of the phenomena 
on extensional viscosity and/or viscoelasticity, as these are affected by branching. 
This work questions the accuracy of using Bagley [1957] plots to extrapolate through 
longer die pressure drops to predict Po. However, use of a very small L: D ratio orifice 
die appears the simplest way to predict entry pressures, and the effect of a non-linearity 
below L: D of around 0.2 would have negligible effect on Po prediction. 
Ile observations made above were also found to be exhibited when identical studies 
were repeated on the piston-driven RH7 rheometer. This suggests that the phenomena 
is not a result of processing by a gear pump, or of shear strain history induced during 
extrusion. The measurement of rheological properties in a gear pump driven flow can 
be assumed to be valid if a such a complex rheological phenomena exhibits good 
agreement with off-line rheometry. 
7.4.2 Modelling of Extensional Viscosity from Entry Pressure Predictions 
Entry pressure (Po) predictions were used to model extensional viscosity using three 
widely used models. ne large differences predicted in extensional viscosity indicated 
major discrepancies between the models, and several researchers have reached the 
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conclusion that apparent extensional viscosity is model-dependent, such as Martyn 
[1995] and Padmanabhan and Battacharya [1994]. Groves et al [1997] attributed the 
model dependence of apparent extensional viscosity on the lack of elastic components 
within the models. This supports the suggestion made in 7.4.1, that convergent flow 
into orifice dies is more complex than has previously been acknowledged. Most 
experimentalists in this field appear to agree that the most likely method of greater 
understanding of entry flows may come via flow visualisation, as the techniques 
employed have been developed to a level where detailed stress and velocity 
information can be obtained (Coates [1996b]). 
7.5 On-Line Rheometer Design Considerations 
The design considerations stated in chapter 3.9 regarding the requirements for process 
rheometers are now evaluated with respect to experimental results and observations 
made during use. 
7.5.1 Temperature Control 
A pre-requisite for any rheological measurement is that the test temperature is 
accurately known. 7lierefore, an obvious concern in light of experimental results is the 
control of melt temperature within the OLR transfer pipe and reservoir. The 
instrument was found to be able to condition melt well, but static temperatures showed 
an offset from set values. Re-design of temperature sensor locations with regard to 
I 
heater locations is needed, ideally with the use of a melt sensor to provide feedback. 
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The use of cartridge heaters in the rheometer block is a possible cause of inaccurate 
temperature control, and alternative designs could provide more evenly distributed 
heating. For the current prototype design, an estimated offset in the rheometer set 
temperature may be used to obtain the required test temperature. 
7.5.2 Melt Conditioning 
When making in-process rheological measurements, signal delay time should be kept to 
a minimum (Dealy [1991]). However, there is an inherent trade off between the 
degree to which melt is conditioned, and the application for which data is used. For 
example, in process control, reduction of response time is most important. 
Experimental results showed the response time of the OLR to be around 4-10 minutes 
dependent upon gear pump output rate. M may be considered too long for many 
process control applications, depending upon the speed at which the process changes. 
However, melt was found to be conditioned reasonably well when it reached the on- 
line rheometer (apart from the offset in set temperature). In applications where 
accurate melt characterisation is required, temperature control is of most importance. 
In the design of the OLR, residence time is considered to provide sufficient melt 
conditioning for periodic monitoring applications. Care should be taken to purge the 
rheometer consistently, as the amount of time which melt is left static within the 
rheometer can affect rheological results, especially for temperature sensitive materials. 
The poýssibility of a shorter transfer section and rheometer barrel length could be 
considered as an option for an OLR marketed towards process control applications. 
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7.5.3 Pressure Measurement 
The measurement of pressure drop through both long and orifice capillary dies using a 
single pressure transducer poses a problem in accurate pressure measurement. This is 
caused by the non-linearity of many pressure transducers at very low range (the 
useable range is specified as between 10 - 100% of full scale). This was solved during 
the experimental work by the use of a voltage follower circuit allowing the pressure 
transducer output to be logged independently and checked against a manual calibration 
curve. The error which occurred due to pressure transducer non-linearity was found 
to vary significantly depending upon the transducer used, and the particular 0-5000 
p. s. i. transducer used for most of the experiments was found to be accurate to within 
± 0.5 bar. However, in industrial applications this solution is not a practical one, and 
to measure entry pressure, an alternative method would have to be employed. 
Possible solutions include: 
* Use of short capWary dies rather than orifice, thus producing a greater pressure 
drop. However, as shown in section 7.3 the extrapolation back to zero die length 
leads to significant errors being encountered. 
* Use of two pressure transducers, and either split the rheometer melt flow into two 
chambers using a dual outlet gear pump, or index the transducers as the gear pump 
is indexed. The latter would not be possible in the current die block design, 
although alternative die indexing methods are suggested in 7.5.4. This solution 
would increase cost and complexity of the design, but increase accuracy and 
repeatability. 
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* Use of 'smart' pressure transducers A; hich are able to alter the range under 
investigation by the use of a processor incorporated into the transducer body. 
Dynisco Inc. claim to have used this technology in industrial applications for a 
number of years and a brief specification of one such instrument is included in 
appendix B. If successful, this would allow tests to be carried out using a range of 
dies, with rheometer software automaticafly setting optimum transducer range for 
each die. 
7.5.4 Robustness 
The prototype OLR was found to lack robustness which would lead to failure in 
service if used in industry. Fundamental design problems are now highlighted, although 
a more detailed description is provided in appendix L 
7.5.4.1 Capillary Die Block Indexing Mechanism 
During experimental work, the electro-pneumatic die indexing mechanism was 
problematic, and failed on a number of occasions resulting in the fracture of the die 
block indexing pin. The was re-designed to provide a higher strength, although the 
mechanism still jammed. This occurred because melt leaking from the barrel during die 
block indexing had degraded, which led to the block indexing cylinder being unable to 
provide sufficient force to move the block. The indexing pin then failed to locate in the 
side of the die block and fmctured. 
I 
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This suggests a re-design of the mechanism is necessary to provide both better sealing 
during indexing and improved reliability of the indexing mechanism itself. One 
solution to improve sealing would be a limit in the software which does not allow 
indexing above a limiting melt pressure. This would entail only a simple change in 
software code. An alternative design for an indexing mechanism is to locate capillary 
dies into a gear, which could be indexed by rotation from a drive gear. An encoder 
signal would allow controlling software to detect if the die was in position before 
re-clamping. 
7.5.5 Rheometer Extruclate Availability 
Melt extrudate from the OLR exited the die block in the form of a slug, and not as 
capillary extrudate. This caused two potential problems; entry pressure drop 
measurements could be affected by artificially high exit pressures, and die swell 
measurements or visual observation of melt instability could not be made. This is 
thought to occur because the area underneath the die block cannot be accessed to 
facilitate cleaning, and because of the large distance extrudate has to travel through the 
clamping mechanism before exiting below. A re-design of the location of the clamping 
mechanism to remove it from directly underneath the capillary would reduce this 
travel, as would reduction in the thickness of the die block. 
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7.6 . Viability of On-Line Rhoometry for Process Monitoring and Control 
Overall, the work carried out in this study has shown that the principle of using a gear- 
pump driven rheometer to make melt characterisations on-line to the extrusion process 
is valid. The applicability for use of the technique in industry is now discussed. 
7.6.1 Applications of Process Rheometers 
There has been increasing demand for process rheological measurement, and with the 
recent trend towards improved quality through process monitoring and control, this is 
set to increase. Dealy [1991] stated the applications for process rheometers as process 
monitoring, quality control and process control. Process monitoring is of interest 
primarily in development, where the effect of changing some aspect of the process can 
be observed in rheological measurement. For quality control, process rheometers are 
used simply as an automated version of a laboratory test, with shorter lead time to 
obtaining material infon-nation. When a process rheometer is used as a sensor for - 
process control, the rheological property under measurement is the control variable, 
and lead times should be as short as pO'ssible. In this case, the variable being measured 
is chosen to be of most interest, e. g. filler content, blend percentage, or is itself the 
desired product variable (for instance during the production of controlled viscosity 
grades of polypropylene). 
A number of specific processes have been reported to have benefitted from the use of 
j 
process rheometry. These include polymerisation, compounding (Hertlein and Fritz 
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[1990]), blending (Lefebvre [1991]) and reactive extrusion. 7be latter has benefited 
particularly when melt properties are dependent upon the addition of a highly reactive 
additive, such as polypropylene degradation (Dreiblatt et al [1987], Pabedinskas 
[19891 and Fritz [19861) and polyediylene crosslinIcing (Stoehrer [1989] and Fleming 
[19931). In this case, process rheometry is especially useful, as melt viscosity is often 
the property it is most desired to control. 
Another application which will most likely undergo rapid growth is that of recycling, 
where some fraction of reclaimed material is utilised in compounding. A continuous 
measurement of melt viscosity could be used to monitor a process in which feed 
material is continuously changing. 
The on-line theological technique examined in this study has the capability to perform 
a wide range of melt characterisations, in both shear and extension, at various 
processing rates. The design of the test method has concentrated on melt conditioning 
to provide an accurate test, and therefore sampling times are relatively long (although 
comparable to similar instruments). For this reason, the current design of OLR is not 
considered applicable for continuous process control, but rather for periodic melt 
characterisation. However, the design could be easily modified to provide a less- 
complex continuous test with a shorter response time, although the issue of melt 
temperature control would need to be resolved if a shorter transfer section were 
incorporated. ne use of entry pressure for continuous monitoring and control of 
extensional properties could be particularly useful. Most process rheometers used for I 
control have utilised a single shear viscosity measurement as the control variable, a 
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parameter which has little relevance to an extension dominated process such as film 
blowing or fibre spinning. 
The OLR used here is more readily applicable to quality control or development. As 
the polymer processing industry becomes increasingly customer driven, resin 
manufacturers and compounders will be expected to supply a greater depth of material 
flow information than the widely used single point MFI. An instrument such as the 
OLR could provide melt flow characterisations of direct relevance to the process, 
automatically, at periodic intervals. This could be done for each batch of material, or 
periodically to monitor variation within runs. Particularly useful applications include 
recycling and reactive processes. 
The range of tests the OLR is capable of carrying out makes the technique readily 
applicable to the development of new processes or materials, as it can provide a level 
of information regarding the polymer / process interaction which is not possible from 
laboratory devices. The flexibility which the instrument permits suggests a feasible use 
in investigating which process parameters are most applicable to a particular process, 
in order to determine the potential for monitoring or control using a less complex 
instrumea 
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7.6.2 Effect of On-Line Rheometry on Extruded Product 
A requirement for any process rheometer is that it should not have detrimental effect 
on either the process or product being measured. From the experimental results 
reported in chapters 5 and 6, it was concluded that the of the OLR during extrusion 
was not found to cause significant change to melt rheology or molecular weight 
distribution of the polyolefins used. Tested material was fed to waste rather than back 
into the process, in case modification had taken place. A measurable drop was noted 
in extruder die pressure during testing, although this was shown to decrease as 
extruder throughput increased, and would be negligible in the case of large scale 
production machines. Temperature of melt in the extruder die was not found to be 
effected by the abstraction of melt for the OLR. 
However, as useful product was not being made during these experiments, the effect of 
abstracting a stream of melt on product properties is not known. Most likely to be 
effected would be surface finish and dimensions, on the side of extrudate from which 
melt had been sampled. This is especially important in processes such as profile 
extrusion. The extent to which extrudate properties are affected would depend upon 
the distance from melt stream sarnpling to the extruder die. Increasing this distance or 
introducing breaker plates could reduce flaws. The amount of melt sampled through 
the OLR may also affect product dimension, especially in precision applications such as 
medical products, where dimensional tolerances are tight. This will be dependent upon 
throughput of the process, and so low capacity extrusion process could be affected by 
the use of an OLR. 
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7.6.3 Limitations of a Gear Pump-Driven Process 
Use of gear pump has been shown to be feasible in processing of linear and branched 
polyolefins, with high levels of both magnesium hydroxide and carbon black fillers. 
However, use of such a metering pump does limit the range of systems available to 
test. As the pump utilises melt being metered as a lubricant between gear ends and 
pump housing, the use of abrasive filler systems, such as glass fibres would result in 
eventual pump failure. Also, the capacity for melt to become trapped in certain parts 
of the pump are high, leading to degradation. Therefore the use of potentially 
corrosive systems such as PVC or fluoropolymers could lead to production of 
compounds hazardous to the operation of the pump. Many reactive systems could also 
pose problems to a gear pump-driven process, as a reaction which continues into the 
OLR and causes melt to set could result in pump failure. Polyolefm degradation and 
crosslinking processes have successfully been used in gear pump systems. 
7.6.4 Suitability for OLR Operation in a Production Environment 
Continuous operation of any equipment in a harsh production environment requires a 
robust, reliable and 'user fiiendly' design. The current prototype design of OLR used 
in this study lacks all three of these features at present. A number of fundamental 
design changes were suggested in section 7.5 and appendix H whichwould improve 
the robustness of the instrument, but even the use of a PC may not be appropriate in 
many production operaiions. It is more feasible that a re-designed PC controlled 
device developed from this initial design be marketed towards research and 
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development, whereas a PLC controlled, highly automated and tamper-proof device be 
marketed towards production, perhaps linked to a monitoring PC discrete from the 
production environment. 
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Chapter 8 
Conclusions and Recommendations for Further Work 
The overall objective of this project was the validation of on-line rheometry for 
accurate and robust measurement of the rheological characteristics of polyolefin melts 
during the extrusion process. The aims of the project were to develop a prototype 
on-line rheometer and examine its capability for melt characterisation in both shear 
flow and entry pressure measurements. From the experimental work carried out, the 
following can be concluded: 
8.1 Conclusions 
1. Shear and extensional melt characterisations were obtained using on-line rheometry 
for several polyolefins in extrusion over a processing range of 10 - 5,000 s-'. 
2. On-line rheometry was able to distinguish between a linear HDPE, short chain 
branched LLDPE and long-chain-branched LDPE in shear flow and entry pressure 
measurements. LLDPE was found to be most viscous in shear flow and LDPE least 
viscous. LDPE exhibited highest entry pressure measurements compared to HDPE 
and LLDPE (which had lowest entry pressures). 
3. SheaX and extensional characteristics of four polypropylenes dong extrusion were 
found to be dependent upon molecular weight, with entry pressure measurements 
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being most sensitive to molecular weight. Decrease in molecular weight caused a 
decrease in both shear stress and entry pressure measurements. 
4. lEghly filled grades of LDPE [Mg(OH)2] and HDPE (carbon black) were 
characterised by on-line rheometry without adverse effect on OLR gear pump 
performance. Filled grades were distinguished from unfilled grades. 
5. A good correlation between on-line and off-line rheometry was found. Similar 
gradients of flow curves were obtained, with on-line values being offset below those 
measured off-line. The mean deviation of these offsets were between 1.6 and 9.3 % in 
shear stress measurements, and between 7.3 and 25.3% for entry pressures. 
6. Sensitivity of on-line rheometry to level of filler loading was found to be lower than 
corresponding off-line rheometry, for Mg(OH)2 flame retardent filler. 
7. A reasonable correlation was found between on-line and in-line rheometry using a 
slit die. In-line shear viscosities were on average 10% higher than those measured on- 
line at low processing rates (under 150 s"). 
8. OLR pressure drop measurements during tests had a coefficient of variation of 
around three times higher than corresponding measurements from an off-line 
rheometer. In both instruments, coefficient of variation was observed to be higher in 
orifice die measurements than for those across a long capillary die. This has been I 
related to pressure transducer accuracy at low pressure. 
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9. The coefficient of variation in melt pressure generated during OLR gear pump- 
driven flow provided significant dampening over extrusion process noise (around 
tenfold), and was found to be twice thk of a piston-driven off-line rheometer. 
10. Cyclic pressure variation in OLR gear pump-driven flow was. measured at a 
frequency closely corresponding to gear pump rotation. Extruder screw frequency, 
gear pump tooth meshing, and pump motor frequency had no measurable effect. 
11. Twin screw extruder die melt temperatures were found to be up to 37*C above the 
set temperature and increased with increasing extruder screw speed and volumetric 
throughput. 
12. Using non-intrusive infra-red and contact melt thermocouples, static melt 
temperature in the OLR transfer pipe was found to be offset from set temperature by 
around + 10"C and static melt temperature in the OLR capillary reservoir was offset 
from set temperature by up to + 15"C. 'Me transfer pipe provided significant melt 
temperature conditioning along its length when extruder melt temperature deviated 
from OLR set temperature. A melt temperature rise of up to 4*C was observed in the 
OLR melt reservoir, which was dependent upon pressure drop though the capillary die. 
13. At the same melt temperature, OLR characterisations correlated extremely well 
with those from an off-line rheometer, to within 3% in shear stress and 2% in entry 
pressure measurements. Off-line data was found to lie within error bars calculated 
j 
from OLR repeatability tests. 
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14. Plots of entry pressure drop against capillary die L: D ratio from on-line rheometry 
exhibited a non-linearity in capillaries approaching orifice. This was found to occur 
below capillary die lengths of 0.2 ;. 0.75 nun, and the critical length appeared to 
increase with the arnount of chain branching. Below this value, the gradient of the 
pressure drop changed by a factor of between 1.5 and 1.7. Off-line rheometry 
experiments also exhibited non-linearides at the same L: D. A third order polynomial 
curve fit showed best correlation for pressure drop versus capillary die L: D below 
L: D = 1, for the three polyethylenes exanined. 
15. The model used to predict entry pressures at L: D = 0, i. e. linear or polynomial 
curve fit, had significant effect on estimation of apparent extensional viscosity, as did 
the model used in the prediction (free convergence, tangent or spherical velocity field). 
16. Melt instability was observed in the shear flow of HDPE through a long capillary 
die, between 2850 - 2900 s". This instability occurred at higher shear strain rates for 
lower L: D ratio dies, but was not observed in capillary dies of L: D ratio :54. 
17. Effective capillary wall slip velocity was measured in on-line theological shear flow 
of HDPE, and found to be between 1-6 nmVs. This decreased with the addition of a 
carbon black filler. 
18. Pressure in the extruder die dropped by up to 10% due to operation of the on-line 
rhcorneýer abstracting mclt, although this value decreased with increasing extruder 
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throughputs. Maximum pressure differential across the gear pump during an OLR test 
was found to bc 240 bar. 
19. The OLR exhibited a residence time of between one and five minutes, dependent 
upon gear pump output rate, and responded to a step change in extruder feedstock in 
around four minutes. The time to track a complete change in feedstock was around 
forty minutes, and depended mainly on extruder throughput. 
20. The OLR gear pump was estimated to be 96.7 ± 1.4% efficient. 
21. OLR characterisation had negligible added effect upon melt rheology or molecular 
weight distribution, although twin screw extrusion was seen to increase entry pressure 
and reduce shear stress, especially in the case of the long chain-branched polyethylene. 
22. Overall, on-line rheometry was found to be an effective tool for the 
characterisation of linear and branched polyolefin melts in the extrusion process. The 
technique was found to be sensitive to molecular structure, molecular weight and filler 
loading, and had negligible effect on extrusion process conditions or melt rheology. 
Aspects of this work have recently been reported (Kelly [1996]), and a copy of this 
paper is included in appendix J. 
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8.2 Recommendations for Further Work 
From the experimental work carried out, the following recommendations for further 
work are made: 
1. The range of polymers used for on-line rheometry studies could feasibly be extended 
to include other commonly extruded polymers such as polystyrene, rubbers and PVC. 
Such materials exhibit more complex processing behaviour than the stable polyolefins; 
used here, for example shear and time dependency, and could be used to further 
validate the use of on-line rheornetry. 
2. On-line rheometry carried out on a processing operation such as blending or 
compounding could be used to assess correlation between in-process rheological 
measurements and blend/compound composition, or degree of mixing. 
3. Use of on-line rheometry in a production environment could examine the effect of 
the technique on product properties, such as surface finish and dimensional tolerance. 
Correlation of on-line rheometry with measured product Properties (such as strength 
and dimensional tolerance) could also be determined. 
4. Employment of periodic on-line rheometry testing during a continuous production 
(for example resin production or compounding) could be used to investigate intra- 
batch and batch-to-batch variation. 
I 
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5. On-line rheometry sensitivity to filler loading could be established for a compound 
without additives thought to enhance capillary wall slip. This would help to quantify 
material independent sensitivity of the technique. Alternatively, this could be carried 
out using a two-component blend of polymers with significantly different rheology. 
6. Flow visualisation through orifice dies with differing land lengths may improve 
understanding of entry flows for linear and branched materials. Also, die swell 
measurements made using a set of orifice capillary dies could help to quantify the 
contribution of die exit pressures to entry flows. 
7. Development of continuous on-line melt fibre drawing and die swell measurement 
tests would allow further exan-dnation of extensional and viscoelastic flow on-line to 
the extrusion process. 
8. Examination of pressure transducers which incorporate a micro-processor to allow 
examination of different pressure ranges, automatic M calibration and temperature 
11 
compensation, such as those believed to be under development by Dynisco Inc. These 
could reduce the difficulties in making pressure measurements over a wide range with 
a single transducer. 
9. Instrumentation of a melt gear pump, in order to measure melt pressure and 
temperature across its path and determine the magnitude of stress and strain rates to 
which the melt is subject. This would help to detennine whether the use of a gear 
I 
pump would affect the rheology of sensitive polymers. 
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10. It has been established that accurate temperature control is particularly important 
during on-line rheometry. In the specific case of the OLR studied here, a re-design of 
the temperature control system to utilise melt temperature sensors could improve 
accuracy of melt temperature during testing. This may also improve correlation with 
off-line rheometry. Re-design of the die indexing mechanism and exit geometry could 
improve robustness and reliability during production conditions. 
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Appendix A 
OLR Predicted Gear Pump Performance and Specifications 
(Parker Hannafin Co., Zenith Pumps Div., NC, USA) 
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Figure A. 1: Predicted gear pump efficiency for LLDPE at 200"C for various pressure 
differentials across the pump 
99.95 
99.9 
99.85 
99.8 
99.75 
99.7 
99.65 
0. 
99.6 
99.55 
993 
99.45 
50 Bar 
125 Bar 
200 Bar 
275 Bar 
350 Bar 
10 15 20 25 30 
Pump Speed (rpm) 
Figure A. 2: Predicted gear pump efficiency for PP at 180"C for various pressure 
- differentials across the pump 
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Figure A. 3: Predicted temperature rise across OLR gear pump for LLDPE at 200'C 
for a range of pressure differentials across the pump 
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Figure AA Predicted temperature rise across OLR gear pump for PP at 180'C for a 
range of pressure differentials across the pump 
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Figure A. 5: Predicted torque on the OLR gear pump for LLDPE at 200'C at a range 
of pressure differentials across the pump 
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Figure A. 6: Predicted torque on the OLR gear pump for PP at 180"C at a range of 
pressure differentials across the pump 
A3 
Zeniti Pumps 
Benefits 
Specifications 
Applications 
In 1926, Zenith Pumps was approached 
by the synthetic fiber industry to design a 
pump to provide a precise, pulseless, 
repeatable flow and assure better quality 
control. The options then were the same 
as those in the chemical process industry 
High Accuracy. 
Stable, repeatable flows 
are assured even under 
varying conditions of 
pressure, viscosity 
and temperature. 
Minimum Pulsation. 
Unique design offers 
virtually pulseless 
flow without valves or 
flexible elements to 
hinder performance. 
today-diaphragm, lobe, coarse gear, 
piston, plunger, and screw pumps. Each 
had problems with pulsation, flow inaccu- 
racies, multiple seal areas and slippage, 
which required constant calibration, high 
maintenance, and extended downtimes. 
Zenith Pumps met the challenge and 
designed a rotary external gear pump of 
: -ique precision and simplicity. Manufac- 
ng techniques were developed to hold 
erances to + . 00005" minimizing 
internal 
,, arances to assure accurate and precise 
,? tering. The pump's simplistic design of 
ly three moving parts-two metering gears 
ýd a drive shaft-provided long life and 
, _, ýsy maintenance. For years since, process engineers 
have relied on Zenith to provide precision 
fluid handling solutions for their most difficult 
pumping applications. Zenith gear pumps 
can be found wherever precise, pulseless, 
repeatable metering of fluids is required. 
High Temperature 
Capability. 
Operating temperaMes 
to 950'F (51 O'C). 
Maximum Life. 
Only three moving 
parts; components are 
through-hardened tocl 
and die steels to 62 Rc 
or better. Replaceable 
sleeve bearings for 
low-cost rebuilds. 
High Volumetric 
Efficiency. 
Maximum efficiency is 
achieved with optimum 
operating clearances an_d 
assured under pressure 
by built-in alignment dowels. 
Precision Construction. 
Ground and lapped 
components for close 
control of operating 
clearances. 
Pump Type: Rotary external spur gear, single stream. 
Rotation: Refer to pump drawing. 
Operating Speed: 3-180 rpm depending upon application conditions and fluid viscosity. 
Temperature: To 950OF (510"C). 
The H-Series pumps are ideal for metering in such applications as: 
Adhesives Foams Urethanes Plasticizers Monomers 
Additives Coatings Surfactants Polyols Oils 
Asphalt Inks Oxide Slurries Plastics Pigments 
Abrasives Fibers Lubricants Paints Tars 
Bottoms Pitch Polymers Resins Many others 
---------- - ------------ 
Standard ZeDRIVE with 1/2 hp OM 
and rear-port HMB pumps. 
HPB Pump 
HMB Pump 
Flow Rates: 
. 
00013 to 0.14 gpm (OOC43-. 526 I/min). 
Capacities: 
. 16/. 
297/ 584/1.168/1.752/2.92 cc/rev 
Inlet Pressure: Flooded suction recommended: 
40 psi (2.8 kg/cM2) required to energize mechanical face seal. 
Discharge Pressure: Limitsý 4,000 psi (281 kg/cM2). 
Viscosity: 1 to 2,000,000 cps. 
Porting: 3/8" inlet, 1/4" discharge. 
Mounting: L-16 Parco-Lubrite cast iron mourtirg saddle, 
3/18" inlet, 1/4" discharge NPT female. 
Materials of Construction: M series tool steel. 
Seals: Grafoil Packing-Model 5704 
Mechanical face with tang slot-Models 4647 and 5205. 
Mechanical face with cuter dri,, e , ý, aft Mr_(Ieýs 55E, 6 and 5:: r, 7 
Flow Rates: . 0028 to . 476 gpm ( 
011-1 /rnin) 
Capacities: 3.5/5.5/10.0 cc/rev. 
Inlet Pressure: Flooded suction recommended-, 
40 psi (2.8 kg/CM2) required to energize mechanical face seal. 
Discharge Pressure: Limits: 4,000 psi (281 kg/cm2). 
Viscosity: 1 to 2,000,000 cps. 
Porting: 1/2" inlet, 5/16" discharge. 
Mounting: L-5471 Parco-Lubrite cast iron mounting saddle, 
3/8" inlet, 1/4" discharge NPT female. 
Materials of Construction: M2 tool steel-All standard models. 
Seals: Grafoil Packing-Model 5740. 
Mechanical face with tang slot-Model 4892 
A 
Selection Guide 
The following are general guidelines 
for pump selection and should be 
confirmed with the factory or sales 
representative before ordering. 
1) Choose appropriate pump capacity 
based on flow rate. (See Chart 1) 
2) Determine pump operating speed (N). 
N= Flow Rate (cc/min)+(C) Pump 
Capacity (cc/rev) 
3) Determine operating viscosity (V) in 
poise. If fluid is non-newtonian, follow 
steps 3a and 3b. 
3a) Identify pump's operating shear rate. 
(See Chart 2) 
3b) Refer to your viscosity vs. shear rate 
curve for operating viscosity (V) in poise 
4) Refer to Table 1 for pump 
constant (K). 
5) Determine differential pressure (P) 
(discharge - inlet) in psi. 
6) Calculate input torque using the following: 
Th-'= D1* P"C 
Tv=N*K *V 
Tt = Th + TV 
7) Determine maximum torques 
from Table 2. 
8) Choose a speed reduction ratio (R) 
based on pump operating speed. 
R= 25: 1; 3.6 - 72 rpm 
R= 151; 6 -120 rpm 
R= 101; 9- 180 rpm 
9) Drive Horsepower = Tt 1(35 *Re . 87) 10) For hp <. 5 choose .5 hp. For hp between .5 and 1.0 choose 1 hp. For larger hp round up to the 
nearest whole number. 
Pump Capacity Selection Chart 
U 
1111 IHXB2wl, 1 01 m 
I HXB 147.5'- 
HXB 100 ' 
11 
HXB 
I HIM 
LB 50 
HLB 30 
HLB 20 
LB 10 
1 
B10 
HMB 3.5 
HPB 2.92 
PB 1.752 
HPB 1.168 
HPB. 5841 
0.1 -to ---- "ItSm 
Flow Rate (cqfmin) 
3 -15 RPM ýý- 15-75 RPM -75- ISO RPM 
Chart I 
A6 
Shear Rate vs. Speed 
Chart 2 
Constant (K) 
HPB. 160 0.0027 HLB 10 0.0267 
HPB. 297 0.0029 HLB 20 0.0356 
HPB. 584 0.0033 HLB 30 0.0445 
HPB 1.168 0.0041 HLB 50 0.0623 
HPB 1.752 0.0048 HXB 70 0.0409 
HPB 2.92 0.0064 HXB 100 0.0456 
HMB 3.5 0.0132 HXB 147.5 0.0531 
HMB 5.5 0.0150 HXB 200 0.0610 
HMB 10 0.0159 
Table I 
ýarker Hannifin Corporation 
Zenith Pumps Division 
5910 Elwin Buchanan Drive 
Sanford, NC 27330-9551 
Phone: 919-774-7667 
Fax: 919-774-5952 
ISO 9001 Reglatemd 
AWL 
l &C t M i 
. 
on ro on ot 
Maximum Torque 
HPB. 16-. 297 (All Models) 80 lbs. -in. 
HPB . 584 
(Except 4647) 195 lbsArl, 
HPB 1.168-1.752 (Except4647) 410 lbs. -in. 
HPB 2.92 (Except 4647,5704) 460 lbs. -in. 
HPB 2.92 (5704) 600 lbs. -in. 
HPB. 584-2.92 (4647) 200 lbs. -in. 
HMB 3.5-10 (All Models) 1200 lbs. -in. 
HLB 10-50 (4729,5548) 900 lbs. -in. 
HLB 10-50 (5592) 2000 lbs, -in. 
HXB 70 (4980) 4000 lbs. -in. 
HXB 100 (4980) 6500 lbs. -in. 
HXB 147.5-200 (4980) 7000 tbs. -in. 
Table 2 
FAILURE, IMPROPER SELECTION OR IMPROPER USE 
C OFTliE PRODUCTS AND/OR SYSTEMS DESCRIBED 
HEREIN OR RELATED ITEMS CAN CAUSE DEATH, 
WARNING PERSONAL INJURY AND PROPERTY DAMAGE. 
This document and other information from Parker HanrAn 
Corporation. its subsidiaries and authorized distributors provide 
product and/or system options fix further investigation by sers 
having technical expertise. It is important that you analyze all 
aspects of your application and review the information corcerning 
the product or system in the current product catalog. Due *o the 
variety of operating conditions and applications for these p, oducts 
or systems. the user. through its own analysis and testing s solely 
responsible for making the final selection of the products and 
systems and assuring that all performance, safety and wa-iing 
requirements of the application are met. 
The products described herein. including without limar on. 
product features, specifications. designs, availability and vicing. 
are subject to change by Parker Hannifin Corporation anc -s 
subsidiaries at any time without notice. 
Copyright 1992 Parker Hannifin Corporation Zenith Pumps Division 
H-01 0 11195 
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Appendix B 
Dynisco Pressure and Temperature Sensor Specifications 
THEDYNISCO. 
5ESIGH 
ADVANTAGE, 
t 
ynisc6s liquid filled capillary type plastic melt pressure transducers offer _u significant advantages over other technologies. These advantages, 
detailed below, give you, the polymer processor, the accurate, repeatable, 
ld stable e measurements required by today's sophisticated com- 
uter-base=1 systems and increasingly complex polymers. Further, 
"Ip ynisco 
has maintained a continued program of research and development. 
This has allowed us to incorporate advances in strain gages, materials, &mputer testing, and modem manufacturing techniques. It has also 
§11owed us to develop significant improvements in diaphragm technology 
leading to the most rugged melt pressure transducer available. 
J, ýýPERATURE STABILITY 
uring extrusion, environmental temperature changes can occur along the 
stem of'melt pressure transducers. These temperature changes, which are Itpecially apparent during start up, are caused by heater bands cycling on 
&d offor by the addition of cooling. These temperature changes can cause 
severe output shifts ofup, to 25% offull scale. However, Dynisco's patented 
, Uquid filled capillary type melt pressure transducers solve this problem. lemperature effect on Dynisco transducers is a low 15 PSIIIOO*F! 
HYSTERESIS 
yniscols liquid filled design has minimum hysteresis, usually less than 
1% to 0.2% of full scale. 
MOUTS1TINGTORQUE 
isco's design exhibits no significant mounting torque sensitivity. This 
Usnates 
output shifts caused by over-torquing. 
t LEXIBILITY IN MOUNTING AND DESIGN 
e Dynisco design allows you to mount the melt pressure transducer in 
pla(ce restricted installations. The 18 inches offlexible hose between the 
rigid stem and strain gage housing allows you to remote the transducer I ectronics away from high heat sources. 
CONTENTS PAGE 
Satroduction 2-5 
- uring Melt Pressure 6-7 TJOSeries 
8-9 
, JT460 Series 10-11 WT460XLSeries 12-13 
Wmplified PT460 Series 14-15 
PT240 Series 16-17 
gfT450 Series 18-19 
l[T411/412/415 Series 20-21 
"TIG441 Series Gauges 22-23 
PG500 Series Gauges 24-25 
fflectronics Instrumentation 26-27 
jjýstallation, Wiring, 
Mounting 28-29 
ELECTFACAL--, 
LK"D-FR. LEO 
CAPfLLAAV - TVPt 
POLYMER MELT 
PRESSURE MEASUREm 
NIENTTERMS. 
. 
"'OM13INED ERROR The total ofall deviations 
Ta transducer output from a specified straight line. All 
)ynisco melt pressure transducers are specified as terminal 
ombined error where the referenced straight line passes 
hrough zero and full scale output. Combined error is 
d as the sum oferrors due to nonlinearity, nonrepeata- 
4ýý. j, 
'and hysteresis. 
INEARITY The maximum deviation of the trans- 
lucer output from a defined straight line during a calibra- 
ion cycle. There are two methods of specifying linearity: 
'he Terminal method and the Best Fit Straight Line (BFSL) 
nethod. Dynisco only uses the more exact terminal linearity 
nethod. The terminal method is the deviation ofdata points 
rom a straight line drawn through the zero and full scale 
lata points. Best Fit Straight Line (BFSL) is the deviation of 
lata points from a straight line drawn through the data 
)oints which yields minimum deviations both above and 
)elow the straight line. 
MAXIMUM DIAPHRAGM TEMPERATURE 
The maximum temperature of the process mediabelow the 
mounting threads to which the transducer tip can be 
exposed. Maximum strain gage temperature is the maxi- 
mum enviro=ental temperature at which the strain gage 
housing should be exposed. 
FULL SCALE OUTPUT/SENSITIVITY A 
transducer's electrical output at full scale pressure. Gener- 
ally expressed in millivolts output per volt of excitation. 
SENSITIVITY SHIFT Any change insensitivity at 
a given point on the calibration curve. 
STABILITY The ability of a transducer to retain its 
performance characteristics for a period of time within a 
given set of conditions. 
ZEROSMFT Any parallel shift to the input/output 
curve. 
-4 3HUNT CALIBRATIONR CAL Every Dynisco, 
nelt pressure transducer includes a built-in 80% offull scale 
EC cal. This is accomplished using an internal to the trans- 
lucer resistor to unbalance the bridge electrically rather 
han with strain introduced by applied pressure. 'IC cal 
)rovides a quick and accurate method of transducer-to- 
nstrumentation calibration. It also means similar trans- 
lucers will be interchangeable. 
. 
IYSTERESIS Deviation in output within the trans- 
lucer range when first approaching a given point with 
ncreasing and then decreasing pressure. 
"'O'nEATABILITY The ability of a transducer to 
uce readings under identical conditions ofpressure 
Vmtem''perature. 
PRESSURE CONVERSION TABLE 
CAUBRATION CURVE 
A- ASCENDING 
D- DESCENDING 
" ZERO BALANCE 
25 50 75 loo 
APPLIED PRESSURE %-FULL_SCALE 
Multiply 
Number of 
TO 
obtain joy 
"C 
ý5 
E 
4ý w 
v: cc 
as IM 1 1 
0 X Cý ý E cL 
VA - W 1 L .0 .5 = Q= - lb/in (PSI) 1 14.223 14.504 1.450 x 10-1 . 03613 . 01422 . 4912 . 01934 
kg/cms 1 . 07031 1 1.020 1.020 x 10-11 2.54 x 10-3 1x 10-1 , 03453 1.360 x 10-3 
bars . 06895 . 9807 1 1x 10-6 2.491 x 10-1 9.806 x 10-1 . 03386 1,333 x 10-1 
pascal (Pa) _ 
6895 98067 1x lo- 1 249.1 98.06 3386 133.3 
in. of H, O (1) 27.68 393.7 401.5 4.015 x 10-1 1 . 3937 13.60 . 
5353 
cm of H, O (1) 70.31 1000 
E 
0 1020 . 0102 2.540 1 34.53 _1.360 
in. ofHg(2) , 
2.036 2 89 6 29.53 2.953 x 10-1 . 07355 . 02896 1 . 03937 
mm of Hg (2) 1 51.72 r 735 .6 . 735.6 750.1 - 
17.501 x 10 1.868 7355 25.40 
1. In. of H, O & cm H, O are referenced to a- temperature of VC (39.2*F) 
-1-32)-S Fl - 
2C* + 32 2. In. of Hg & mm Hg are referenced to a temperature of VC (32*F) C* - (1 95 
HYSTERESIS 
REPEATABILMY 
m CL 
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0 BSL 
-c IL 
CAUBRATION CURVE 
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ýd 6ý& 
Eag 
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Intellicrent Pressure Transmitter 11 17 for Standard Mounting 
LYLLISC17 Description 
Dynisco's lPX1 82 is a high peftrmance, microprocessor based melt pressure transmitter, ieaturing a thin film sensor and propriell- ,/ fabrication techniques. The IPX182 provides the most accurate pressure measurement available and features the standard 
C= 
1- 20 -111: mounting. Remote digital communication utilizing the available IXC -1 hand - held communicator enables re - ranging - 01 W11 Vlyý 
the transmitter for maximum control of your process. 
Features 
9 Better than ±0.151,1, accuracy 
a4- 20 mA, 2- wire output 
Remote digital communication 
Optional 100 ohm platinum RTD output 
L. - 
Performance Characteristics 
Ranges (PSI): 1500,3000,5000 
Accuracy: tO. 15% for pressures from 20% - 100% of range; 
tO. 25% for pressures from 0 PSIG - 20% of range 
Zero adjustment range: t80% of range, positive indication only 
Span adjustment range: 20% - 100% of range 
Turn-down: 5: 1 maximum 
Wetted material: 17 -4 PH stainless steel, Hastelloy 
Maximum pressure without calibration shift: 1.5 x range 
Electrical Characteristics 
Input voltage: 12 - 36 VDC Output: 4- 20 mA, 2- wire 
Maximum loop resistance: 0 ohms at 12 VDC1- 1200 ohms at 36 VDC 
Temperature Characteristics 
Operating temperature ranges: 
Process: +25*C - 4001 
Electronics: OT - 75'C 
Power supply sensitivity: 0.005% of range per volt Maximurn 
Damping: Analog output response to a step input change rnaY 
set from 0- 30 seconds for one time constant. This is .i 3ddibon 
an intrinsic sensor response time of 0.2 seconds 
Temperature effects: 
Electronics: ±0.15% sparV55'0 
130 
Intellicrent Pressure Transmitter Zýp for Standard Mounting 
03.00 
(0762) 
7.00 ±. 03 
(177.8 t. 8) 
L BENDIXCONNECTOR 
PT02E - 10 - 6P 
MATING CONNECTOR 
PT06A - 10 - ISS (SR) 
11112 - 20 UNF - 2A 
518 0 . 414 5 0.412 SST BRAIDEO H EeX8 
. 307 HOSE 
(, 
62 (010.52) 0305 15 
. 
7)1 
r 10 
1 
46 F 
(0 7. B ) 7.75 
jj44 (012-7) 1.2) 
(31.8) ýý4 30- 
. 214 DIM *A* t. 12 (3 0) 3W (5. ") 
FLEX LENGTH DIM. 
RIGID STEM LENGTH 
All dimensions are in inches (millimeters) unless otherwise specified 
Ordering Example: IPX182 - 3M - 6/18 
Transducer Options: Refer to Options and Accessories Section for complete information on 
diaphragm and thread coatings. 
Delivery 
Please call for specific delivery information. Refer to Options and Accessories Section 
for additional delivery time on products with added options. 
7ISrO 
T51 
4; 4 
40 DYNISCO MTX Series 
THE FIBER OPTIC 
MELT TEMPERATURE 
TRANSDUCER: 
A NEW STANDARD 
IN ACCURACY 
AND CONTROL 
Polymer melt temperature is one of the 
most critical operating parameters in injec- 
tion molding, extrusion, RIM, compression 
molding or compounding of both thermo- 
plastic and thermoset materials. Accurate 
temperature measurement is essential to 
obtain optimum physical properties with 
minimal product variations. 
For example, viscosity can vary greatly 
over a relatively narrow temperature 
range. Severe thermal degradation of the 
polymer can result in significant changes 
in its mechanical properties. In addition, 
energy consumption and cycle times can 
both become excessive. 
Operating Principle 
Any objed emits infrared energy 
as a function of its temperature. A 
molten polymer in a closed volume 
has been shown to behave as a 
black body--a perfect emitter. 
The MTX system converts the 
infrared energy present into 
an analog signal proportional 
to temperature. 
Infrared energy from the molten 
polymer posses through the 
synthetic sapphire window into 
a metal sheathed waveguide. 
The other end of the waveguide 
is set against the polished end of 
the flexible optical fiber bundle, 
which terminates within the 
opto-electronics module. Here the 
energy is focused through a filter 
onto a detector, and the signal 
is linearized. 
The Dynisco MTX Series of infrared 
melt temperature transducers 
utilizes state-of-the-art fiber optic 
technology to provide highly accu- 
rate, non-intrusive temperature 
measurement. With 10 msec 
response, they outperform standard 
thermocouples and have the ability 
to measure rapid temperature 
transients, allowing tighter tempera- 
ture control. 
Since the MTX Series is non- 
intrusive, measurements are not 
influenced by viscous heating 
of the probe. 
Rugged and Reliable 
Manufactured from Hastelloy C-276 
for excellent corrosion resistance, 
the probe tip incorporates a syn- 
thetic sapphire window for superb 
optical transmissibility and abra- 
sion resistance. 
The probe stem, manufactured 
from hardened 17-4 PH stainless 
steel for strength, withstands pres- 
sures up to 30,000 psi at tempera- 
tures up to 800OF (400'C). The 
optical fiber bundle is encased in 
a tough, flexible armored cable 
for protection against crushing and 
torsional forces. 
Probe configurations available 
for mounting in the nozzle of an 
injection molding machine or 
in place of an ejector pin in the 
mold, or for mounting in a stan- 
dard thermowell in the barrel, 
adaptor or die of an extruder. 
Easy-to-mount electronics pack- 
age housed in a heavy-duty case. 
1 mV per degree output standard 
and optional choice of type I 
thermocouple, 0- 10 VDC or 
4-20 mA for a second output for 
convenient interface with pro- 
cess recorders, data loggers and 
indicators. 
TV'' 
SPECIFICM10HS PERFORMANCE CHARACTERISTICS I 
Temperature Range: Minimum is dependent on fiber bundle length (see belowý, 
8001117 (4000C) maximum 
Temperature Accuracy: ± 1% of span 
Temperature Repeatability: ± 0.25% of span 
Response Time: 10 milliseconds (63% response to step input) 
Operational Spectrum: 1.6-2.2 microns 
Maximum Pressure: 30,000 psi (2000 bar) 
Materials of Construct-ion 
MTX 920,922 & 935 
Probe Tip: Hastelloy C-276 with sapphire window 
Probe Stem: Forged 17-4 PH stainless steel 
MTX 949 
Ejector Pin: Case-hardened steel with sapphire window 
00 Eledri(al Churacteristi(s 
Power Supply Requirements: 24-32 VDC (75 m. A) 
Output 1: 1 mV/*F or I mV/QC 
Output 2 (optional): Type I thermocouple, 
0- 10 VDC (minimum impedance IOK ohms); 
4-20 mA (maximum Impedance 500 ohms) 
Resolution: Infinite (analog signal) 
Gain Control: Adjustment provided for calibration 
Power Supply Reverse Polarity Protection 
Temperature Characteristics 
Ambient Temperature Range 
Electronic Chassis: 50-122" F (I 0-50"C) 
Probes: 32-800T (0-427*C) 
Fiber Bundle: 50-800*F (10-427"C) 
Ambient Temperature Effect 
Electronic Chassis. ± 0.04% span/OF (± 0.08% span/OC) over operating 
temperature range 
TEMPERATURE MEASURING RANGE 
Model Optic Bundle Temperature 
Length Range 
MTX 920 No Optic Bundle 158-500*F (70-260"C) 
MTX 922,935.949 24" 275-700OF (135-3710C) 
36" 295-715OF (146-379"C) 
Other Lengths 
12" 230-644"F (I 10-340"C) 
48" 320-780OF (I 60-41611C) 
72" 350-800OF (I 77-427OC) 
p IRS I R- NO II M-3 
PURGED CONFIGURATON 
FLWM TLff 0 15 MON-PURGED 
U2 CONMURATION 
-7-77 
150 KND PADRS 
The MTX 935 is used where mount- 
ing space for the probe is limited. 
The fiber bundle exits the shortened 
probe at a right angle. This smaller 
configuration makes the MTX 935 
ideal for installation in the nozzle of 
an injection molding machine. 
The MTX 922 resembles the 
Dynisco melt pressure transducer. 
The probe mounts in the standard 
1/2-20 UNIF mounting well. The flexi- 
ble optical bundle allows for remote 
mounting of the detector electronics 
away from heat sources. 
ArIlAr'll, 13ynis, " (UK) LIMITED 8 The Windmills, Turk Street, Alton 
Hampshire GU34 1EF 
Tel: Alton (0420) 80111 
Fax: (0420) 80128 
- ----- -- --- --------- - OA2 
0 200 MAX 
As loom am PAM 
--- --------------------------- j- 0. - -Ala _M 
Dw 
The MTX 949's ejector pin tempera- 
ture probe replaces the standard 
ejector pin in the mold and can 
continue to function as a working pin 
while supplying accurate melt tem- 
peratures. Standard and custom 
configurations are available for the 
pin and fiber bundle. 
The MTX 920 melt temperature 
transducer is designed for lower 
temperature applications. By cou- 
pling the probe directly to the detec- 
tor electronics, eliminating the fiber 
bundle, the MTX 920 has a sensing 
temperature range of 158 to 500'F 
(70 to 260'C). 
isetts 020b-, 
: i.. 
ORDERING GUIDE 
MODElS MTX 920, MTX 922 and MTX 935 
Base Model A B C D E F 
Examples 
MTX 920 -6 -1 -F 
MTX 922 -6 /24 -I -C -4D- 10 
MTX 935 
I-MI8 
1-1.12 /24 
, -1 , -F ý-4-20 
A Thread Blank = 1/2-20 UNF -2A (Standard) 
M 18 =M 18 x 1.5 (Optional) 
El Probe 6= 6* (Standard-MTX 920 and 
MTX 922) 
12 = 12' (Optional-MTX 920 and MT'X 922) 
1.12 = 1.12" (Standard-MTX 935) 
C Flexible Optical Bundle (MTX 922 and 
MTX 935 Only) 
24 = 24" (Standard) 
36 = 36" (Optional) 
Other lengths available-consult factory 
D Probe Air Purge 
I =With Air Purge (Standard)* 
0= Without Air Purge (Optional) 
*For installations where the probe is 
exposed to temperatures which exceed the 
melt temperature being measured. 
E Output I (Standard) 
F=I mV/F C=I mv/*C 
F Output 2 (Optional) 
I= Type I Thermocouple 
0-10 = 0-10 VDC 4-20 = 4-20 mA 
MODEL MTX 949 
Base Model A B c D E F 
Example 
MTX 949 -S 
1 
-0.250 
A Dimensional Units 
S= Standard-Pin diameter, length, and 
bundle length are in decimal inches. 
M= Metric -Pin diameter and length are 
in mm, and bundle length is in cm. 
B Elector Pin Diameter 
List actual ejector pin diameter. 
C Ejector Pin Length 
List actual pin length (tip ejector pin to tor 
of pin head; pin head diameter is noted in 
drawing above. 
D Flexible Optic Bundle Length 
List actual bundle length from top of pin 
head to electronics. (To determine the 
minimum temperature range of the MTX 
94Q, total the pin length + flexible length 
+ 2.88" (7.32 cm) and refer to page 3. ) 
E Output I (Standard) 
F=I mV/F C=I mv/'C 
F Output 2 (Optional) 
I= Type I Thermocouple 
0-10 = 0-10 VDC 4-20 = 4-20 mA 
MTY, /l 192-5 
Appendix C 
On-Line and Off-Line Comparisons of Shear Flow and Entry 
Pressure Characterisations 
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Figure CA: Comparison of shear characterisation of LLDPE at 180"C from OLR and 
RH7 off-line rheometer 
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Figure C. 2: Comparison of entry pressure characterisation of LLDPE at 180'C from 
OLR and RH7 off-line rheometer 
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Figure C. 3: Comparison of shear characterisation of LDPE (unfilled and 50% wt 
Mg(OH)2 filled) at 200"C from OLR and RH7 off-line rheometer 
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Figure CA Comparison of entry pressure characterisation of LDPE (unfilled and 50% 
wt Mg(OH)2 filled) at 200*C from OLR and RH7 off-line rheometer 
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Figure C. 5: Comparison of shear characterisation of unfilled HDPE at 200"C from 
OLR and RH7 off-line rheometer 
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Figure C. 6: Comparison of entry pressure characterisation of unfilled HDPE at 2000C 
from OLR and RH7 off-line rheometer 
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Figure C. 7: Comparison of shear characterisation of 30% wt carbon black filled HDPE 
at 200"C from OLR and RH7 off-line rheometer 
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Figure C. 8: Comparison of entry pressure characterisation of 30% wt carbon black 
filled HDPE at 2001C from OLR and RH7 off-line rheometer - 
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Figure C. 9: Comparison of shear characterisation of KF6 100 Polypropylene at 180'C 
from OLR and RH7 off-line rheometer 
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Figure'C. 10: Comparison of entry pressure characterisation of KF6 100 Polypropylene 
at 180"C from OLR and RH7 off-line rheometer 
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Figure C. 11: Comparison of shear characterisation of PM6 100 Polypropylene at 180"C 
from OLR and RH7 off-line rheometer 
3 
2.5 , 
'2 
0.5 - 
o+ 
500 1000 1500 2000 2500 3000 
Apparem Shear Rate (Is) 
Figure C. 12: Comparison of entry pressure characterisation of PM6100 Polypropylene 
at 180'C from OLR and RH7 off-line rheometer 
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Figure C. 13: Comparison of shear characterisation of SM6 100 Polypropylene at 180'C 
from OLR and RH7 off-line rheometer 
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Figure C. 14: Comparison of entry pressure characterisation of SM6100 Polypropylene 
at 180*C from OLR and RH7 off-line rheometer 
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Figure C. 15: Comparison of shear characterisation of VM6 100 Polypropylene at 
180"C from OLR and RH7 off-line rheometer 
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Figure C. 16: Comparison of entry pressure characterisation of VM6 100 Polypropylene 
at 180*C from OLR and RH7 off-line rheometer 
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Appendix D 
Temperature Compensation by Superposition 
In order to correct shear stress measurements made in the in-line rheological die at a 
range of temperatures to a reference temperature (to compare results with on-line and 
off-line results), a method of temperature compensation was used. This technique was 
described by Mendelson [1968], based on the shear viscosity (TI) of power law fluids 
being modelled using the Andrade or Arrhenius equation: 
E 
Ti = 
keJRT D. 1 
Where: E= activation energy (J) 
k is constant at given shear stress 
R= Universal gas constant (kJ/IcmoIK) 
T= Tempemture (K) 
By knowing the values of E and k for the polymer, shear viscosity can be calculated at 
any temperature. Firstly, a plot of shear stress versus shear strain rate was made at a 
range of temperatures (shown for unfiUed LDPE in figure D. 1). By shifting the curves 
to a reference temperature, a 'master curve' is produced. Ilie ratio of shear rates by 
which any curve has to be moved along the shear rate axis to reach the reference curve 
is termed the shift factor, a,. At constant shear stress, the shift factor can be defined 
as: 
E 
AeRT D. 2 
Where A is a constam 
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Figure D. l: Shear characterisation of unfilled LDPE at a range of temperatures from 
Rosand RH7 capillary rheometer 
At constant stress, if In A is plotted against l/T, the resultant gradient, m is equal to 
E/R, and intercept equal to In A. An example of one such plot is shown in figure D-2. 
Tbus, activation energy and constant can be calculated at a reference shear stress. 
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Figure D. 2: log shift factor versus I/test temperature at shear stress 90,000 Pa; unfilled 
- LDPE from Rosand RH7 
D2 
Mendelson [1968] found activation energy and constant to be independent of shear 
stress for LDPE and HDPE, and used only one value for each. However, Lenk [1968] 
and Fleming [1995] found E and A to vary with shear stress according to the power 
law relationship: 
E=BTW D. 3 
DA A= CcW 
This was carried out for the experimental data and the calculated values of E and A 
plotted against shear stress (figures D. 3 and DA). Activation energy and constant 
were found to vary with shear stress according to the power law model. The following 
relationships were then derived from curve-fitting these plots for the unfilled LDPE: 
E=3.06x I O', c -0.3U7 , and 
A=3.25xl 0-28, C 4.473 8 
This was repeated for the 50 wt% Mg(OH)2 Med LDPE. 
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Fig= D. 3: Activation energy versus shear stress for unfilled LDPE; with power law 
curve fit 
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Figure D. 4: Activation constant, A versus shear stress for unfilled LDPE; with power 
law curve fit 
Using the above relationships, shear stress measurements made at any temperature 
could be corrected to a reference temperature, using equation D. 2. Foreach shear 
stress, activation energy and constant could be calculated, and the shift factor leading 
to a predicted shear rate at the reference temperature. Using this technique, shear 
stresses measured at various temperatures using the in-line rheological slit die were 
shifted to a reference temperature of 190*C, to match the set test temperatures of the 
on-line rheometer and off-line rheometer. This was done for unfilled. LDPE and 50 
wt% Mg (OH)2 filled LDPE, and the results are shown in tables D. I and D. 2. 
y-3 
D4 
Apparent Shear 
Rate (s") 
Melt Temp (C) Measured Shear 
Stress (Pa) 
Shift Factor, 
a, 
Corrected Shear 
Rate at 190"C (s-) 
69.3 176.4 115527.3 1.15 80.2 
138.6 190.1 129667.4 1.0 138.5 
207.8 199.3 137783.8 0.93 194.7 
276.9 203.3 146231.1 0.91 254.6 
346.0 208.2 152148.9 0.92 317.0 
Table D. l: In-line die experimental results and corrected shear rates for unfilled LDPE 
Apparent Shear 
Rate (s") 
Melt Temp CC) Measured Shear 
Stress (Pa) 
Shift Factor, 
a, 
Corrected Shear 
Rate at 190"C (s-) 
46.9 172.1 12116.5 1.21 56.6 
93.6 185.5 136354.6 1.06 98.9 
140.4 195.5 144064.8 0.93 131.0 
187.2 209.2 143597.2 0.85 159.2 
2 34.0 214.2 149486.0 0.82 193.0 
Table D. 2: In-line die experimental results and corrected shear rates for 50 wt% 
Mg(OH)2 fiUed LDPE 
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Appendix E 
Fast Fourier Transform Analysis of OLR Pressure Drops: 
Experimental Results in Full 
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Figure E. 1: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 9.95 cc/min; logged at 1 Hz 
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Figure E. 2: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 15.91 cc/min; logged at 1 Hz 
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Figure E. 3: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 23.86 cc/min; logged at 1 Hz 
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Figure EA Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 31.81 cc/min; logged at 1 Hz 
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Figure E. 5: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 9.95 cc/min; logged at 20 Hz 
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Figure E. 6: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 15.91 cc/min; logged at 20 Hz 
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Figure E. 7: Fourier transfonn analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 23.86 cc/niin; logged at 20 Hz 
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Figure E. 8:, Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 31.81 cc/min; logged at 20 Hz 
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Figure E. 9: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 9.95 cc/min; logged at 50 Hz 
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Figurý E. 10: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 15.91 cc/min; logged at 50 Hz 
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Figure E. 11: Fourier transfonn analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 23.86 cc/niin; logged at 50 Hz 
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Figure E. 12: Fourier transform analysis of pressure drop generated by the OLR gear 
pump at volumetric throughput 31.81 cc/min; logged at 50 Hz 
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Appendix F 
PVT Test to Measure Melt Density 
Density of polymer melt at processing pressure and temperature was required for the 
calculation of volumetric flowrate and apparent shear rates through the in-line 
theological slit die. Melt density was measured using the Rosand RH7 twin-bore 
capillary rheometer (described in section 4.3) in 'PVT' (pressure-volurne-temperature) 
test mode. A single bore of the rheometer was used, with a sealing plug inserted at the 
exit of the barrel instead of a capillary die, shown in figure F. I. The tightened sealing 
bolt and a PTFE sealing '0' ring incorporated into the piston tip allowed the density of 
a known mass of polymer to be measured at a range of temperatures and pressures, 
using the rheometer's dedicated software. 
A sample of polymer in granular form was first weighed using a mass balance. The 
material was then inserted into the rheometer barrels and compressed manually. The 
piston was then depressed to compress the polymer at temperature, with the sealing 
left out of the die, leaving a3 mm diameter capillary through which melt was able to 
exit. Any melt exiting the die was collected, in order to subtract it from the mass of 
melt inside the barrel. After a compression period of nine minutes, the piston was 
automatically moved down to a pre-determined height by the rheometer software. Any 
extruded material during this part of the test was collected and weighed. When the 
piston reached the required height, the sealing plug was screwed into the die to provide 
a sealed, known volume of melt. 'Ibe. piston was then moved down at low speed, and 
melt pressure measured continuously, up to the maximum selected pressure. 
I 
m 
Pres! 
Tram 
Figure F. I.: Schematic diagram of the RH7 twin-bore capillary rheometer equipped for -- 
melt density measurement 
From the known piston displacement and measured melt pressure, a graph of pressure 
against volume could be plotted by the rheometer software. From the known volume 
of polymer melt inside the barrel during the test, the melt density at temperature could 
be plotted at a range of pressures using the equation: 
Density= Mass/ Volume F. 1 
An example of the results of this test is shown below, for unfilled LDPE at 200'C, 
which ýere used in the calculation of on-line rheometer volumetric flowrate efficiency. 
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Figure F. 2: Melt pressure versus melt volume for unfilled LDPE at 200*C 
Figure F. 2 shows that between pressures of 0 and 30 MPa, the melt volume decreased 
from 17.63 to 16.9 cc, a percentage change of around 4.2% (figure F. 3). Using the 
calculated mass of material in the barrel (13.52g), melt density was calculated. This 
ranged from 765 to 800 kgW, and differed significantly from the quoted value of 960 
kg/rii3for the solid polymer at room temperature. 
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Figure F. 3: Change in melt volume versus pressure for unfilled LDPE at 2000C 
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Figure FA Melt density versus pressure for unfilled LDPE at 200T 
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Appendix G 
Gel Permeation Chromatography 
Gel permeation chromatography (G. P. C. ) is a form of size-exclusion chromatography, 
in which polymer solution is injected into a solvent stream which flows through a 
column packed with beads of a porous gel. Polymer molecules elute from the column 
in order of decreasing molecular size. The smallest polymer molecules can pass 
through most of the bead so have a relatively long flow path through the colurrm, 
whereas the largest molecules have the shortest flow path. The chromatogram. 
produced is a plot of concentration versus elution volume, which provides a qualitative 
indication of molar mass distribution. It can also reveal the presence of low molar 
mass additives (e. g. plasticisers), since they appear as separate peaks at large elution 
volumes. An example of a molecular weight plot from G. P. C. is shown in figure G. 1. 
Mw 
Molecular 
Weight 
Number of Molecules 
Figure G. 1: Molecularmass distribution from gel permeation chromatography 
GI 
Mw : Weight average molecular mass is the sum of the product of the molar mass of 
each fraction multiplied by its weight fraction. 
YNiMi 
MW = INiMi G. 1 
Where: N= number of molecules of molar mass M 
M,, : Number average molar mass is the sum of the product of the molar mass of each 
fraction multiplied by its mole fraction. 
INiMi 
mn INi G. 2 
Mw / M. is the Polydispersity Index or Molecular Weight Distribution (MWD). A 
perfectly monodispersed polymer would have a molecular weight distribution of one. -- 
Typical polyolefins used in processing have values up to around 20. 
G2 
Appendix H 
Degradation of Polyethylene during Processing 
Kircher [1987] 
Polyethylene is thermally quite stable, and chain degradation will take place only at 
high temperature. Ilerefore, during processing at relatively low temperature, strictly 
thermal degradation is unlikely. At high temperature, without the presence of air, 
thermal degradation results in random chain cleavage. The generated radicals continue 
to react by producing fragments of low molecular weight (H. 2) and by radical transfer 
(H. 3). 
Initial attack by the chain: 
- CH2-CH2-CH2-CH2- >- CH2- CH2* + *-CH2-CH2- H. 1 
Degradation reaction: 
- CH2 -CH2 - CH2 - 
CH2" >- CH2-CH2* + CH2ýCH2 H. 2 
Radical Transfer. 
H 
I 
- CH2 -, CH2* +- CH2- CH - CH2 - CH2 ->- 
CH2'CH3 + H. 3 
- CH2 - CH" - CH2 -CH2- 
Hl 
However, oxygen will act as a bi-radical and generate free chain radicals which may 
react in the foUowing manner: 
- CH2 -CH2-CH2- + 
02 CH2-CH' - 
CH2- + H02* HA 
(starting reaction) Free (polymer) radical 
90 
I 
0 
1 
- CH2 'CH' - 
CH2- + 02 CH2 - CH - CH2 - H. 5 
Peroxide free radical 
00 OH 
11 
00 
11 
- CH2-CH-CH2, + -CH2-CH2-CH2- CH2 - CH - CH2 - 
Hyperoxide 
- CH2 - CH* - CH2 - H. 6 
Dimerisation of various free radicals wiR stop the chain propagation: 
I 
- 
CH2' CH - CH2 -- CH2'CH - CH2 - 
'0 1 
+I Cross-linking 
01 
- CH2 - CH - CHz -- CH2 - CH - CH2 - H. 7 
H2 
- CH2 - CH - CH2 - 
0 
formation 
00 
0 
1 
- CH2 - CH - CH2 - 
- CH2 - CH - CH2 - 
0 
0 
1 
- CH2 - CH - CH2 - 
Cross-linking by 
of dialkyl peroxide 
H. 8 
H3 
Appendix I 
Suggested OLR Design Modifications 
Introduction 
During the experimental work carried out in this study, a number of problems and/or 
limitations in the operation of the prototype OLR were encountered. Some of the 
more important problems have been highlighted in chapter 7, such as the inaccuracy of 
melt temperature control and pressure drop measurement at low pressures, although it 
is thought that a more complete list of practical problems and suggested modifications 
may aid future re-design of the instrument. 
Several fundamental problems in the measurement technique were encountered: 
1. Pressure measurement. The use of a single melt pressure transducer to measure 
pressure drop through both long capillary dies at high, rates and orifice dies at low rates 
exposed an inaccuracy in using the linear 'R-cal' calibration technique. Using this 
technique, Dynisco quote the usable pressure range as above 10% of full scale, which 
infers that most of the entry pressure measurements made may be inaccurate. This was 
overcome during the experimental work by independently logging pressure transducer 
output and carrying out a manual calibration. Thus, rheological results could be re- 
calculated to take into account any non-linearity in the pressure transducer calibration 
(some t]ransducers were found to exhibit extremely linear behaviour, and were found to 
be accurate using the linear calibration method down to approaching 1% of full scale). 
II 
However, this method is obviously not suitable for operation in a production 
environment and for commercial application, an alternate solution must be sought. 
Possibilities include use of two pressure transducers, wl-&h are indexed along with the 
capillary dies (i. e. the bottom part of the rheometer barrel is indexed along with the 
capillaries). This would increase the complexity of the design of the instrument but 
would ensure far more accurate entry pressure measurement. Another possible 
solution is the use of a dual-output gear pump providing equal flow into two capillary 
sections, which would again increase cost and complexity, but provide simultaneous 
pressure drop measurements at correctly-ranged transducers. A third option, which is 
possibly the most advantageous, is the use of a single 'smart' transducer which is able 
to be programmed to exan-dne different ranges during the test. Such instruments have 
been under development by companies such as Dynisco for a number of years (see 
appendix B), in which a processor is incorporated into the transducer. The sensor can 
then provide output from a non-linear calibration, compensated for temperature, and 
examine different pressure ranges. Such sensors would be ideal for a precision 
application such as the OLR, and would not necessitate extensive instrument re-design. 
2. Melt Temperature Control. Use of melt temperature sensors showed that melt 
temperature within the on-line rheometer transfer pipe and rheometer barrel was offset 
a consistent amount higher than the set temperature, which would significantly affect 
rheological results. The magnitude of the offiet appeared to be non-linearly dependent 
upon set temperature, and was between 7-10T in the transfer pipe and between 10- 
14"C fiý the rheometer barrel. This error was presumed to result from the use of 
control thermocouples located in the metal of the rheometer to control melt 
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temperature. Possible solutions include programming a temperature offset into the 
rheometer control software for each temperature zone, allowing the error to be 
compensated for. This would have to be a non-linear function, and would require 
'calibrating' the offset between set and measured melt temperatures across the 
operating range. A second possibility would be to redesign the positioning of the 
controlling PRTs in relation to the melt to provide optimum control. Alternatively, 
melt temperature sensors could be used for control purposes rather than metal- 
mounted thermocouples. This would allow accurate setting of melt temperature, 
although problems with stability in the control loop during melt pumping rmy occur 
due to temperature changes caused by pressure change. A useful addition to the OLR 
instrumentation would be a melt temperature sensor located at some point in the 
rheorneter barrel, for monitoring of melt temperature, if not for control purposes. This 
would allow detection of any offset between set and measured temperatures, and 
provide a useful measurement of temperature rise during a rheometer test. 
Several design problems were encountered during use of the on-line rheometer: 
3. Transfer Mpe Leakage. The initial transfer pipe design leaked significantly at high 
melt pressures. Although this rmy not affect rheometer pump operation providing a 
sufficient inlet pressure is maintained, it produces problems regarding degraded melt 
I 
clogging up heater bands and appears unsightly. The leakage occurred because of 
design of flat seal between the two transfer pipe faces. To overcome this, a new 
transfer pipe was designed which consisted of a sunken seal to significantly reduce the 
sealing ýurface area (shown schematically in figure 1.1). The two halves of the pipe 
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were bolted together with twenty M8 bolts, and the design was found to eliminate 
leakage during operation. 
Figure 1.1: Cros s-section of the modified on-line rheometer transfer pipe 
4. Capillary Die Block. The initial design of OLR capillary die block consisted of six 
3 nun diameter capillary dies of L: D ratio 1 to 12.67. This allowed only a limited 
range of apparent shear rates to be examined (up to around 400 s-1), and also incurred 
errors in the method of entry pressure prediction, which required extrapolation through 
the short die pressure drop to capillary length zero. To overcome these limitations, a. 
. 
capillary die block was designed which incorporated three machined-in long dies of 
diameters one, two and three mm, and 8 rnm deep holes for the use of short die 
capfflary inserts. This allowed a greater range of shear rates to be exarnined up to 
around 5, s-I , and the use of orifice dies, negating the need for extrapolation of 
pressure drops. However, use of smaller capillaries during rheological testing led to 
flowrates through the rheometer being small, and as a result, the rheometer required 
purging more often to remove degraded melt. 
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S. Die Block Indexing Mechanism. 'ne electro-pneumatic die block indexing 
operation caused several problems during rheological testing. The design consisted of 
an indexing pin which located into the side of the capillary die block by the action of a 
pneumatic cylinder, which was indexed by the action of a second cylinder. Problems 
occurred when the die block became clogged with degraded polymer and was 
attempted to be indexed. This led to the die block not being My indexed onto its 
desired position, which prevented the indexing pin from locating into its recess in the 
side of the block. The indexing pin fractured during one such operation, and was 
redesigned to improve its strength, although this did not prevent the indexing 
mechanism from failing when clogged. Also, the limit switch designed to detect when 
the capillary block was at position number one often failed to register, causing 
incomplete indexing. Alternative designs of a system to index capillary dies could be 
beneficial, to improve robustness and to reduce the chance of failure during a test. A 
rotary design could be employed, by which capillary dies are located on a circular gear 
which could be rotated during indexing. Use of a digital encoder could detect the 
position of the capillary gear, only allowing tests to continue when a capillary die is in 
position. Reduction of polymer allowed to leak during the die changing operation 
would lower the risk of failure. 
6. Gear Flump Heating. 7he on-line rheometer gear pump was heated only by 
conduction from the main block of the rheometer through the flat-face sealing. The 
pump failed on one occasion and this may have been due to running below operating 
temper4ture. In many industrial applications, hot plates are fitted to either side of the 
gear pump to maintain operating temperature, and the incorporation of such a design 
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in the OLR may be beneficial, especially in the processing of less thermally stable 
materials such as PVC. 
A number of pmctical difficulties were encountered when performing on-line 
rheological characterisations: 
7. Rheometer Barrel Cleaning. The OLR design incorporates a bolt directly above 
the main barrel, which when removed provides access through the length of the barrel 
to the capillary die block. This is a useful design feature, providing a method of 
cleaning the barrel when necessary. However, the diameter of the path from the access 
point down through the barrel is not constant - the barrel diameter is 15 nun, but the 
access point and area below the capillary die block are of diameter 13 mm. This makes 
cleaning extremely difficult, and a relatively simple design change to provide a 15 rmn 
throughout the block would make clew-dng with a rod or brush much easier. 
8. Extrudate Formt. In the case of all polyolefins tested, waste extrudate exited the 
capillary die block and clamping mechanism underneath it in the fonn of a compacted 
slug rather than as a free extrudate. This rmy influence pressure drop readings across 
the capillary die during testing, especially at low pressures. Observation of the 
extrudate in free form is also useful during testing as an indication of melt fracture or 
sharkskin effects, and could also be feasibly used in continuous die-swell experiments 
(using laser gauges) or fibre draw-down tests. A re-design of the area through which 
the extrudate passes after exiting the capillary dies to provide less opportunity for it to 
clog wguld be most beneficial to the operation of the rheometer. 
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9. Accessibility of the OLR Pressure Transducer. During experiments, changing the 
OLR pressure transducer was very difficult due the positioning of wires to the OLR 
heater cartridges. A re-design of this area to free up space around the transducer 
locking nut would improve operator ease of use. 
The OLR control software was found to have numerous limitations. Whilst 
acknowledging that the software was designed as a prototype code, it may help future 
development to highlight the major problems encountered: 
10. Last Stage Pressure Drop. During an OLR steady shear test using two capillary 
dies, after equilibrium had been determined in the last test stage through the first die, 
the block was irnmediately advanced. In tests where the stages ramped up in shear 
rate, pressures after the last long die test stage were sometimes over 30 MPa, which 
led to failure when the die block attempted an indexing operation with such a high melt 
pressure acting on the block. To overcome this, the last stage was in effect wasted, by 
setting an extremely low shear rate to allow melt pressure to decay down to an 
acceptable amount. A more practical solution would be to include a software check to 
ensure melt pressure had fallen to a specified level before indexing had been 
performed. 
11. Additional Test Stages. A current limitation of OLR tests is that only eight pre- 
programmable shear rate stages are possible. An increase in this number allows a 
significantly greater amount of information to be gained from each test. 
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12. Setting of Temperature Control Zones. In the current set-up, OLR temperature 
zones can only be set to one temperature simultaneously. In certain applications, it 
may be useful to set each zone individually, for example to provide a temperature 
gradient along the path of the OLR transfer pipe. 
13. Orifice Die Length. 7be prototype software test set-up does not allow the input 
of capillary (fie length of less than one mrn. This means the software does not 
recognise the use of orifice dies, and test results have to be subsequently re-calculated. 
14. File Saving Error Message. The software does not provide an error message 
when there is not sufficient available memory to store current test results. 
Consequently, the catalogue file is updated to assume that the file has been saved, but 
the data is lost. 
15. Capillary Die Block Indexing. The 'index capillary die block' function in the 
software does not work, which often leads to problems in setting the current die block 
position and running tests. 
Finally, a more general suggestion for the possible future re-design of the OLR, 
concerning its intended application. From the experimental work carried out using the 
on-line rheometer and the literature concerning this type of in-process test method, it 
appears feasible to use this initial design to produce two variations of the OLR; one a 
'specialist' rheologcial tool for use in research and development, and the second a 
I 
more robust, simpler device for use in production process monitoring. 
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The first design could be developed directly from the existing prototype design, to 
include PC control, long transfer section for effective temperature control and a wide 
range of capillary die geometries available to enable varied test conditions. ne 
rheometer software could be progranimed to allow a greater range of tests such as 
capillary wall slip, instability and compressibility tests, together with continuous tests 
on the extrudate such as die swell and fibre draw-down. This type of design would be 
suitable for use in a pilot process plant or R&D laboratory, for use by a skilled 
operator. 
A second design may be based on the current technology, but with, a more robust PLC- 
controlled processor for use in production. A shorter transfer section could be 
employed to reduce lead time of testing, in conjunction with possible a higher capacity 
gear pump. A choice of long or orifice capillary could be used in either continuous 
monitoring mode at constant flowrate, or periodic characterisation of shear and 
extension for quality control. An instrument of this type could be suited to operation 
by process operatives, and perhaps linked to a remote monitoring computer. 
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On line rheometry: shear and extensional flows 
A. L. Kelly, P. D. Coates, T. W. Dobbie, and D. J. Fleming 
A novel on line rheometer has been developed to obtain melt flow characteris- 
ations on instrumented extrusion lines. On line capillary shear flow and entry 
pressure results are presented for a linear low density polyethylene and a 
polypropylene in twin screw extrusion at 200'C. Comparisons are made with 
results from a laboratory capillary rheometer at a shear rate range applicable 
to the extrusion process. Results show very good correlation in shear How 
and good agreement for entry pressures; subsequent laboratory rheometer 
tests have shown the gear pump to have a negligible effect on the rheology of 
the tested melt. Bagley plots of pressure decrease v. capillary length/diameter 
ratio have been obtained from long dies ranging to those approaching orifice, 
for which non-linearitY was obtained. Measurement noise was also studied: 
pressure fluctuations within the gear pump generated flow were examined at 
various frequencies to determine the cause and magnitude of any cyclic 
variations. Results suggest cyclic variations can be attributed to gear pump 
rotation and individual teeth meshing, but are negligible in comparison with 
overall noise. PRCPA/1296 
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INTRODUCTION 
In line process rheometers have been used for a 
-4 number of years in polymer extrusion' . to measure 
specific rheological properties of melts. These provide 
a rapid analysis with a short delay from the process, 
but process rheometers have generally been limited 
to a continuous shear viscosity measurement. A proto- 
type on line rheometer has been developed to provide 
a full melt characterisation over a range of processing 
rates in both shear and extensional flow, in addition 
to monitoring shear viscosity. The aim of the present 
research was to define the capability of the instrument 
in melt flow characterisation and to study whether 
or not the testing process has a measurable effect on 
the rheology of the melt. The study of entry flows in 
on line rheometry is also of fundamental importance 
in understanding the nature of melt flows in extrusion 
dies, consequently investigation of entry effects is of 
direct processing relevance. 
and 
Pd 
T, pp 4L 
where ý. Pp 
is the apparent wall shear rate (s-1), r. PP is the apparent wall shear stress (N m. - 2), Q is'ihe 
volumetric flowrate (m' s- 1), d is the capiHary dia- 
meter (m), P is the pressure decrease (Pa), and L is 
the capillary die length (m). 
A range of shear rates can be set, for example, up 
to - 5000 s -I with a1 mm bore capillary, by pro- 
gramming the gear pump to increase output rates 
stepwise. An algorithm in the rheometer s6ft%ýare 
automatically detects when pressure equilibrium has 
been reached for each stage. 
The rheometer has the novel capability of auto- 
matic die changing during a test, allowing various 
geometries of capillaries to be examined, and hence 
offering entry pressure determination using dies of 
RHEOMETER DESIGN 
The on fine rheometer (Rosand Precision Ltd, Lye) 
is a computer controlled instrument, which is connec- 
ted via a carefully temperature controlled transfer 
section directly to an extrusion line between the screw 
tip and the die (Fig. 1). A precision positive displace- 
ment gear pump (Zenith, Sanford, NC, USA) is used 
to force melt through capillary dies, where a sensitive 
Dynisco melt pressure transducer is located in the 
melt reservoir above the capillary to determine the 
pressure decrease. The rheometer is designed to allow 
transducers tp be readily changed so that an appropri- 
ately ranged sensor can be selected to suit test con- 
ditions. Standard capillary rheometry analysis is used 
to determine capillary wall shear stress at known 
apparent shear rate as follows 
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differing lengths in addition to standard shear flow 
data. The dies are in the form of a cartridge block 
(Fig. 1), which is indexed electropneurnatically during 
an automated test. Using two dies of the same dia- 
meter during a test, one long and one orifice, Bagley' 
corrections can be applied to the data to give true 
shear stress, and hence true shear viscosity 
(p, - P. ) Ttrue - 4L 
where P, is the long die pressure decrease (Pa) and 
P. is the orifice die pressure decrease (Pa). 
Entry pressure (orifice die pressure decrease) 
measurement is a useful rheometry tool as it is 
strongl z related to extensional melt flow character- 
istics, ', and also to melt elasticity. " Thus, doubling 
the number of dies used in one test greatly increases 
the amount of information that can be generated. A 
Rabinowitsch' correction may also be carried out by 
the software to obtain a corrected 'true' capillary wall 
shear rate. 
As up to six die geometries can be incorporated 
into the block design, it is possible to use combi- 
nations of long and short die pairs and also dies of 
differing length, diameter, and/or entrance angle. This 
allows, for example, a Bagley plot to be obtained in 
one automated test or facilitates the study of capillary 
wall slip velocity using Mooney's method. 'o All stud- 
ies reported below refer to 180* entry angle capillaries. 
EXPERIMENTAL 
The on line rheometer was connected to a Betol 
BTS40 twin screw extruder with screw diameter 
38 mm, Iength/diameter LID ratio 29: 1. A Ktron loss 
in weight feeder provided a very stable feed of polymer 
at the extruder. The extrusion line was fully instru- 
3 On line rheometer and RH7 comparison for 
linear low density polyethylene (LLDPE) in shear 
flow at 200*C using 16 xI mm and 0-25 x1 mm 
capillary dies 
mented allowing melt temperature and pressure to be 
computer monitored up to a frequency of 1000 Hz, 
and in process measurements could be made using 
an in process slit die rheometer. 1l, " For comparison, 
a Rosand RH7 laboratory (off line) capillary rhe- 
ometer was used -a twin bore instrument in which 
the flow is piston driven (Fig. 2). 
Two capillary dies were used in the standard on 
line rheometry tests: a 16 x1 mm bore long die and 
a 0-25 xI mm bore short die, which is sufficiently 
short to be classed as orifice. " A Dynisco 30 MPa 
pressure transducer was used to measure melt press- 
ure decrease across the capillary. The on line rheom- 
etry tests were set using Rosand OLR software 
running on a dedicated PC. The shear rate range was 
chosen to coincide with those generally encountered 
in the. extrusion process, 10-25OOs-1. Shear rate 
stages were preset in the software, which controlled 
the positive displacement gear pump speed to produce 
the desired output. The test was run first using the - 
long capillary die, then the block was electro- 
pneumatically indexed and the test was repeated using 
the orifice die. 
Two relatively stable polymers having differing flow 
charateristics were used in the present study- a linear 
low density polyethylene (LLDPE: LL0209AP, BP 
Chemicals, Grangemouth, UK) and a polypropylene 
homopolymer (KY6100, Shell, Amsterdam). 
Shear flow and entry pressure data were generated 
during the tests and then plotted automatically by 
the rheometcr software. Tests were run on the RH7 
rheometer using similar procedures, dies, and con- 
ditions, so that the only difference between the two 
test methods was the method of flow generation and 
the processing history of the polymer. 
To obtain a Bagley plot of pressure decrease v. die 
LID ratio, further tests were carried out using five 
I mm bore capillaries having lengths 16,8,4,2, and 
I mm. A range of shear rates was used, i. e. 50,100, 
250,500,1000, and 2500 s-1. These tests gave insight 
into the linearity of the pressure decrease for relatively 
long die lengths. To investigate further entrance flows 
across very small (approaching orifice) dies, a further 
set of six I mm bore dies were produced having LID 
ratios 1-0-1. These were made by spark eroding 
tungsten carbide, to a die length precision of 
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4 On line rhemoeter and RH7 comparison of 
LLDPE entry pressures at 200*C using 
0-25 x1 mm capillary die 
±0-02 mm, and were measured using a Mitutoyu 
co-ordinate measuring machine, with 2 mm diameter 
probes. Tests were carried out at shear rates of 
100-2500 s-1. 
The statistical variation of the pressure measure- 
ments was studied; typical variation in the melt 
pressure of flow generated by the on line rheometer 
gear pump was compared with in process extrusion 
pressures (measured using an in line rheological slit 
die) and the off line rheometer pressures. Such 
measurement of statistical variation assesses the accu- 
racy of the measurements with respect to process 
noise. Both rheometers and the extrusion line were 
fully computer monitored, allowing measurement of 
pressure signals at various frequencies. Pressure sig- 
nals in the rheometers were logged from the trans- 
ducer ports located in the melt reservoir above the 
capillary, and pressure in the extrusion line was 
monitored between the screw tip and die, before the 
on line rheometer connection. 
To examine further the fluctuation in the on line 
rheometer melt pressures, Fourier analysis was carried 
out on pressures logged at high frequencies. Melt 
flows at different gear pump output rates were ana- 
lysed in an attempt to determine whether the action 
of the pump had an effect on the stability of flow. 
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On line rheometer and RH7 comparison for 
polypropylene in shear flow at 200*C using 
16 x1 mm and 0-25 x1 mm capillary dies 
shear rates: a 2500, b 1000, c SOO, d250. a 100, and f50s-1 
7 On line rhemoeter data; Bagley plot of pressure 
decrease v. length/diameter LID ratio over 
range of 1 mm bore long dies with linear curve 
fit for LLDPE at 200*C 
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6 On line rheometer and RH7 comparison of 
polypropylene entry pressures at 200'C using a 
0-25 x1 mm capillary die 
Using fast Fourier transforms (FFTs), it was possible 
to observe whether process noise occurred in a cyclic 
manner and whether the frequency of the cycles could 
be correlated to the gear pump speed and/or meshing 
of individual gear teeth. 
RESULTS 
Experimental results were plotted for shear flow in 
the form of true shear stress (i. e. Bagley corrected) v. 
apparent wall shear rate, and for extensional flow, 
entry pressure v. apparent wall shear rate. Figure 3 
indicates excellent agreement between on line and off 
line measurements in shear rate, to within 5% mam- 
mum deviation. Figure 4 also shows good correlation 
between on line and off line entry pressure measure- 
ments from orifice dies, although higher entry press- 
ures were measured by the on line rhcomcter at 
higher processing rates. This may be due to increased 
energy input to the melt by the gear pump, as entry 
pressure is more sensitive than shear stress to ttrfic- 
tural variations. 13 
Figures 5 and 6 show the results from the corres7 
ponding tests with polypropylene at the same con. 
ditions in the same processing range. These indicate 
very good agreement in shear flow and extension and 
a slight discrepancy in measured entry pressures at 
higher processing rates. 
30 
25 
E 
z 220 
4) 
cis 
9 
10 
CL a 
J3 
1 10 100 1000 10000 
316 Kelly et al. On line rheome": shear and extensional flows 
r 
LU 
084 
863 
. ..... ...... . ''I'll, ...... ....... 
(Li 0.2 0.3 0.4 0.5 0.6 0.7 C. a 0.9 
Di* Length Imm) 
shear rates: (0) 2500, W 1000,1A) 500. (9) 250, (0) 100, 
and (0) 50 s-1 
8 On line rheometer data; Bagley plot of pressure 
decrease v. LID ratio over range of 1 mm bore 
'orifice' dies with third order polynomial curve 
fit for LLDPE at 200*C 
Figure 7 shows the results of tests using 1 mm bore 
long dies of LID ratios 16-1. This shows a linear 
pressure decrease with capillary die length for 
LLDPE, which agrees with previously published work 
for polyalkenes. ' 
Figure 8 shows results of the six tests using I mm 
bore orifice dies with LID ratios of 1-0-1 for the 
LLDPE at 200"C. The pressure appears to decrease 
linearly until a finite die length is reached (-0-4 mm), 
and then remains approximately constant. Third 
order polynomial curve fits for the set of six dies 
(which gave correlation coefficients of 0-97 or greater) 
are also shown in Fig. 8. 
One concern when measuring melt pressures at 
such small magnitudes is the accuracy of the pressure 
transducer. In all tests, the pressure signals were 
logged in digital equivalent numbers, which divide 
full scale (0-10 V) into 4096 levels, and then pressure 
wascalculated from a calibration graph, to consider 
any possible non-linearity in the transducer. Dead 
weight calibration of the pressure transducer used 
showed a minimum pressure increment of 0-1 MPa 
was detectable. 
A summary of the results of the pressure variation 
experiments is given in Table 1. As expected, the in 
line die pressures exhibited greatest variation owing 
to screw rotation effects; the on line rheometer press- 
ures showed a small variation, reflecting a small effect 
of gear pump rotation, but a significant damping of 
process noise. Examples are shown of a typical on line 
rheometer pressure trace logged at I Hz, and the FFT 
results of the same trace, in Figs. 9 and 10, respectively. 
Results indicated that the pressure fluctuation 
occurred in cycles and the frequency of these suggested 
that the pump speed was a contributing factor. The 
.. az 
1 
' ': 
$is 
6.76 
so 100 150 zoo 250 300 r- io 
9 Pressure fluctuation of on line rheometer gear 
pump generated flow; logged at 1 Hz at pump 
output rate 7-95 L min-' 
frequency of the pump rotation in this instance was 
0-226 Hz, which corresponds to a peak in the FFT 
plot shown in Fig. 10. However, the magnitude of the 
process variation was relatively small and it is consid- 
ered that such slight process noise will have a 
negligible effect on the final rheometry results. 
DISCUSSION 
The experimental results suggest that in the use of 
linear unbranched polyalkenes, the on line rheological 
measurement technique correlates well for both shear 
and entry flows with the well established off line 
capillary rheometry technique. This also implies that 
the measurement process and gear pump action has 
a negligible effect on the measured rheology of the 
melt. The only difference detected was in the entry 
pressure measurements at higher shear rates, which 
could result from increased energy input to the melt 
at the higher pump speeds. This may be an inherent 
effect of using gear pumping systems and could 
provide useful insight into melt behaviour during 
processing using gear pumps. 
Off line RH7 rheometer tests on material that has 
been extruded and on material that has been extruded 
and tested on the on line rheometer also showed no 
significant difference (Figs. II and 12). However, this 
may not be so when more complex branched and/or 
filled materials are used; such materials are currently 
being investigated. 
Bagley plots, which showed linear pressure 
decreases over a range of long dies for both LLDPE 
and polypropylene are consistent with published work 
in off line studies. ' Non-linearity in such plots may 
suggest a pressure effect on viscosity, the occurrence 
of slip, or the development of a more complex flow 
in the die entrance than is considered by standard 
capillary equations. 
Table 1 Comparison of pressure variation results in extrusion process for in line die, on line rheometer, 
and off line'rheometer melt flows 
Mean pressure, Standard Coefficient 
Processing rate bar deviation of variation 
Extruder screw speed 100 rev min-' 67-3- 2-26 3-36 
On line rheometer shear rate 100s-I 100.1 1-92 1-92 
RH7 shear rate 1000s-I 279-2 1-64 0.58 
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Orifice die studies using LLDPE exhibited an inter- 
esting effect: a non-linearity in pressure decrease v. 
LID ratio approaching zero. Little experimental work 
has been carried out in this field, and although 
Cogswell" mentions that the effect has previously 
been reported, no explanation is suggested. The linear 
region of pressure decrease associated with longer 
dies is apparent to 0-4 mrn die length. Below this 
value, the gradient of the pressure curve is, on average, 
a factor of x 1-7 lower than for die lengths above 
0-4 mm. This change in slope also affects the predic- 
tion of zero length pressure decrease P., which is 
used in extensional characterisation, and predictions 
made using a linear fit through the pressure decrease 
are on average 10% higher (up to 19% higher) than 
those obtained using a third order polynominal fit. 
This slope change effect is probably linked to 
extensional and elastic parameters of the melt and it 
would therefore be interesting to study whether the 
same effect is produced in materials having significant 
extensional and elastic characteristics, for example, a 
low density polyethylene. Entry pressure experiments 
for dies of capillary length less than 0-1 mrn are 
constrained by practical limitations in the production 
of such dies. Studies of a wider material range are 
currently in progress, as is computational fluid 
dynamics modelling using a viscoelastic constitutive 
equation 14 to determine whether the effect can be 
numerically predicted. 
Analysis of the pressure variation in the flow gener- 
ated by the on line rheometer gear pump showed the 
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12 RH7 laboratory rheometer comparison of 
(a) extruded LLDPE with (A) extruded and 
on line rheometer tested LLDPE for entry 
pressures at 200*C 
flow to be more stable than that in the extrusion 
process itself, although as expected, not as stable as 
the piston driven flow in a standard capillary rhe- 
ometer. The analysis of pressure variation dem- 
onstrates the viability of making rheological measure- 
ments from a gear pump driven flow, and although 
small cyclic variations were observed and attributed 
to pump rotational cffects, the magnitude of the noise 
compared with the overall process signal did not 
affect the rheological results obtained. 
CONCLUSIONS 
The following conclusions have been reached. 
I The on line rheometer has been shown to 5e 
useful in the characterisation of both shear and exten- 
sional flows, and a good correlation with a laboratory 
rheometer was found for two linear polyalkenes. 
2 The flexibility of the multidie test of the rhe- 
ometer allowed orifice die measurements, Bagley 
plots, and effective wall slip investigation. 
3 Entry flow studies using a wide range of capftla'ry 
orifice dies have provided useful data for examining 
entry flows in extrusion dies. 
4 Pressure decrease through a range of capillary 
orifice dies was found to be linear above a 
length/diameter LID ratio of unity, but appeared to 
plateau when the LID ratio approached the orifice 
condition. 
5 Pressure fluctuation analysis found the gear 
pump driven flow in the on line rheometer to be 
noisier than that of the piston driven laboratory 
rheometer, but significantly dampened process noise. 
Cyclic variations were detected, but of a sufficiently 
small magnitude to be considered negligible in useful 
rheological measurement. 
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